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CHAPTER 1 

Oxygen minimum zones in the global ocean 

 

1.1 Introduction  

Oxygen is an essential element to all marine organisms (from microbes to 

higher marine life) and plays a vital role in shaping the marine ecosystem. The 

oceanic surface waters in equilibrium with the atmosphere contain approximately 20 

% of the oxygen concentration. Oxygen is a reactive gas and can be consumed by 

marine organisms. Thus, its concentration in the seawater varies significantly with 

depth along with other environmental parameters viz., dissolved nutrients, light, 

salinity and temperature (Gilly et al. 2013; Byrne et al. 2018). Standard dissolved 

oxygen (DO) vertical profiles in the ocean generally exhibit atmospheric 

concentrations in the epipelagic (surface) layer, which is continuously replenished by 

atmospheric exchange and primary production (photosynthesis by phytoplankton). As 

the depth increases, the DO concentration becomes minimum at subsurface depths 

(classical oxygen minimum) shadowed by relatively high concentration in the deep 

waters. This oxygen distribution trend is a result of biological oxygen consumption 

and physical mixing of the ocean waters (Byrne et al. 2018). Vast areas around the 

global oceans experience 50 times more intense oxygen depletion at mid-depths 

compared to the classical oxygen minimum. These intense low oxygenated waters are 

known as Oxygen Minimum Zones (OMZs) (Wyrtki, 1962; Cline and Richards, 

1972). This distinctive feature develops in response to (i) poor ventilation, (ii) 

sluggish circulation of oxygen-rich polar waters and (iii) high demand of microbial 

respiration, as a consequence to elevated subsurface primary productivity. A universal 

definition cannot be set for OMZs, since the intensity of low oxygen concentration 

varies according to the region that can withstand the suboxic stress threshold by the 

marine organisms in that habitat (Seibel, 2011). Thus, in the eastern Pacific and the 

Indian Ocean, the OMZs are defined as <20 μM (0.5 ml litre−1 or 0.7 mg litre−1, 

~7.5% saturation) oxygen concentrations in subsurface waters (Levin, 2003; Helly 

and Levin, 2004; Paulmier and Ruiz-Pino 2009), where the emergence of anaerobic 

microbial processes occurs within the range of 5–20 μM (Karstensen et al. 2008; 
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Hofmann et al. 2011), in contrast, the eastern Atlantic Ocean OMZ is defined by 

values <45 μM of DO (Karstensen et al. 2008). 

 

1.1.1 Distribution of oxygen minimum zones in the global ocean 

OMZs cover approximately 8 % of the oceanic surface area and hold 10.2 

million km3 by volume in the ocean. Depending on the location, OMZs are classified 

into open-ocean, and coastal/off-shore, existing either as a permanent, seasonal or 

episodic event (Chan et al. 2008; Paulmier et al. 2008; Paulmier and Ruiz-Pino, 

2009).  The permanent OMZs are delineated in the tropical and sub-tropical Oceans 

(Figure 1.1). The tropical Oceans that witness (1) intense sub-surface deoxygenation 

include, the Eastern North Pacific (ENP: 0–25 °N, 75–180 °W) and Eastern South 

Pacific (ESP: 0–18 °S; 70–120 °W) which together makes up the Eastern Tropical 

Pacific (ETP); Arabian Sea (AS: 7–23 °N; 55–77 °E) and Bay of Bengal (BoB: 8–20 

°N; 80–100 °E ) in the Northern Indian Ocean; (2) less intense South West African 

Continental Margin (SWACM), Cape Verde (C) and Gulf of Guinea (GG) in the 

eastern Atlantic Ocean. In comparison, (3) deeper OMZ persists in the sub-tropical 

ocean of the Eastern Subtropical North Pacific (ESTNP: 25–52 °N, 75–180 °W). The 

seasonal OMZs are mostly located at higher altitudes, such as the West Bering Sea 

(WBS: 45–65 °N; 175–210 °W), extending to 2.2 × 106 km2 surface area in winter 

and the Gulf of Alaska (GA: 52–65 °N; 120–175 °W) that persists in the fall-winter-

spring covering >0.4 × 106 km2 of surface area.  

The permanent OMZs vary considerably from each other in their intensity of 

deoxygenation and surface area that they occupy. ENP-OMZ in the Pacific Ocean is 

the largest, followed by ESTNP-OMZ and ESP-OMZ. While within the Northern 

Indian Ocean, AS-OMZ is larger compared to that of BoB-OMZ (Table 1.1). 

The coastal regions are subjected to temporal occurrences of oxygen minima 

which are either due to natural or anthropogenic eutrophication (Diaz and Rosenberg, 

2008). These coastal OMZs include continental shelves off Namibia, Gulf of Mexico 

and the western coast of India. Additionally, OMZs are reported in enclosed or semi-

enclosed basins, such as the inland seas the Baltic Sea and the Black Sea, fjords of 

Saanich Inlet and Cariaco Basin (Ulloa et al. 2013). A recent report in 2018, mapped 

low oxygen zones in the world’s ocean and coastal regions. The data plotted was 

based on the DO values from WOA2013 that represent concentrations <63 μM as a 
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threshold to determine OMZs. The survey executed by Breitburg et al. (2018) 

witnessed the expansion of OMZs over the past half-century. The open-ocean and 

coastal water OMZs have undergone further distribution with increasing numbers and 

size (Figure 1.2). 

Table 1.1. Total area covered by permanent OMZs in the world ocean 

Global ocean OMZ regions Total OMZ 

area 

Pacific Ocean 

ENP 12.4 × 106 km2 

ESP 5.7 × 106 km2 

ESTNP 8.2 × 106 km2 

Indian Ocean 
AS 2.5 × 106 km2 

BoB 1.6 × 106 km2 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Global distribution of sub-surface DO (μM) according to the World Ocean 

Atlas (WOA2005) climatology. The red colour (<20 μM) characterises regions of 

intense OMZs. Contours at every 100 m interval represent depths at which the upper 

OMZ core begins. The maximum extent of the OMZs seasonally is outlined as dash-

contours. The OMZs acronyms are mentioned in the main text above. (Paulmier and 

Garcon, 2008) 
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Figure 1.2 Expansion of OMZs (coastal and open-ocean) around the global waters 

according to the data from WOA2013. Oxygen concentrations of <2 mg/liter (<63 

μM) in coastal and open-ocean OMZs are highlighted with red and blue colour 

respectively (300 m of depth). (Modified from Breitburg et al. 2018) 

 

1.1.2 Oxygen minimum zones in the Indian Ocean 

The OMZs in the Indian Ocean are located towards the north and are 

landlocked towards its northern, eastern and western boundaries. The landlocked 

water masses experience a delay of sub-surface renewal giving rise to oxygen minima 

at sub-surface depths (Wyrtki, 1973; Sen Gupta and Naqvi, 1984). The southern-

hemisphere water contributes as a significant source of O2 for the northern Indian 

Ocean, which would otherwise deplete all the DO in the sub-surface waters 

(McCreary et al. 2013). The AS and BoB in the northern Indian Ocean are sites of 

perennial oxygen-depleted zones that are in constant interaction with the continental 

margin. Determined by geography, the Indian Ocean OMZs are settled to the north, 

unlike the Atlantic and the Pacific Ocean permanent OMZs that are situated towards 

the eastern boundaries (Naqvi, 2006). The AS and BoB-OMZ on an average 

experience ≤4 μM (based on Winkler’s titration measurements) oxygen depletion 

between depths of ~100 to 1000 m (Naqvi, 2006). The DO concentrations and the 

depths at which oxygen minima appear in the water column differ between the basins. 

These contrasting differences between AS and BoB-OMZs are proposed to be due to 

4 main reasons (i) varying amount of primary production, (ii) difference in the 

intensities of mesoscale eddies that occur in these regions, (iii) sinking rates of 
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organic matter in the vertical water column, and (iv) combined effect of salinity-

controlled stratification and lack of vertical mixing (Wyrtki, 1962; Naqvi et al. 2009; 

Sarma et al. 2016).  

 

1.1.2.1 Oxygen minimum zone of the Arabian Sea 

The Arabian Sea OMZ occupies 2.5 × 106 km2 of the global OMZ area 

(Paulmier and Ruiz-Pino, 2009). The tropical AS-OMZ is recorded as the second 

most intense oxygen minima between the depth range of 200 to 1000 m (Kamykowski 

and Zentara, 1990; Morrison et al. 1998), the location at which intense suboxic zone 

appears in the open-ocean central AS differs from rest of the perennial OMZs. Its 

positioned away from strong upwelling waters off Somalia and Oman (western AS). 

As well as away from the intense upwelling waters along the western Indian 

boundaries that develops a seasonal hypoxic condition from the months of May to 

September. The central AS and the western Indian shelf OMZ are not associated as 

they are separated by moderately oxic west India undercurrent (Naqvi et al. 2000; 

Naqvi et al. 2006b). The AS-OMZ develops due to its geographical setting of being 

landlocked towards the north, restricting the influx of oxygenated water. The high 

primary productivity in the AS arises due to diverse processes, such as Ekman 

pumping during the summer, Monsoonal upwelling, convective mixing during the 

winter, wind-driven mixing and advection of nitrate-rich upwelled water mass from 

the wester AS margins (Madhupratap et al. 1996; Prasanna Kumar et al. 2001; Naqvi 

et al. 2006a, Kumar et al. 2009; Roy et al. 2015). 

The open-ocean OMZ occupies a larger volume (100 times more) than the 

seasonal coastal hypoxic waters. However, the latter experiences much intense 

deoxygenation that could lead to almost anoxic waters. The AS is one of the first 

perennial OMZs to report the presence of secondary nitrite maximum zone (SNM: 

caused due to biological reduction of nitrate) in oxygen-depleted waters and occupies 

3 % of the AS by volume (Gilson, 1937; Naqvi, 2006). The presence of SNM and 

depth at which it occurs are usually indications of denitrification (biological 

transformation of fixed nitrogen to dissolved gaseous N2) zones. They are found to be 

associated with high bacterial abundance (Spinrad et al. 1989; Ward et al. 1989). The 

AS contributes as a foremost player in the marine nitrogen budget, since it contributes 

between ~8 to 21 % of pelagic denitrification, almost half of what the global ocean 
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presents (Codispoti et al. 2001; Naqvi et al. 2005). Located in the upper one-third of 

the OMZ is where denitrification zone occurs in response to low O2 values, below 

~2.7 μM as measured using Winkler titration. Most of the denitrification process is 

within the central and eastern AS (Naqvi, 1991; Naqvi, 2006; Banse et al. 2014; 

Acharya et al. 2016). As a part of denitrification process, the AS-OMZ not only 

suffers the loss of fixed N2 but it releases a greenhouse gas nitrous oxide (N2O) to the 

atmosphere (Naqvi and Noronha, 1991; Naqvi et al. 2006b; Devol et al. 2006; Ward, 

2013).  

 

1.1.2.2. Oxygen minimum zone of the Bay of Bengal 

The BoB harbours the smallest OMZ that occupies 1.6 × 106 km2 (~ 5%) of 

the total worldwide oceanic OMZ surface area (Paulmier and Ruiz-Pino, 2009). 

Unlike the AS, the BoB is under the influence of immense freshwater influx 

exceeding 1.6 × 1012 m3 per year and intensifying during the southwest monsoon 

(June to September) (Subramanian, 1993; Unger et al. 2003). The freshwater input is 

contributed by seven major rivers, namely the Brahmaputra, Cauvery, Ganges, 

Godavari, Irrawaddy, Krishna and Mahanadi (Sarma et al. 2012). River runoff into 

the BoB is the primary cause of having low sea surface salinity by 3 to 7 U than the 

AS. The transit time for the freshwater to reach the interior BoB takes several months 

and peaks from October to December (northeast monsoon). The rivers are a rich 

source of nutrients (dissolved inorganic nitrogen, phosphate and silicate); however, 

they retain ~91 % within the estuaries. Thus, the nutrient flux from the river into the 

BoB dilutes out as it transports from the coastal ocean to the interior BoB resulting in 

oligotrophic waters (Sarin et al. 1989; Krishna et al. 2015; Sarma et al. 2016). The 

BoB experiences less residence time and faster sinking rates of organic river-borne 

suspended particles in the water column, leading to less bacterial degradation (Naqvi 

et al. 1994; Naqvi et al. 1996).  

The primary productivity undergoes seasonal variability in both the basins of 

the northern Indian Ocean. The AS and BoB experience comparable primary 

production during the northeast and post-monsoon season; however, BoB experiences 

least primary productivity during the southwest monsoon (Gauns et al. 2005). The 

BoB-OMZ is formed mainly by an influx of freshwater creating salinity-controlled 

stratification. Stratified waters restrict vertical mixing of less saline, nutrient-rich and 
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oxic near-surface waters (less dense) with subsurface waters leading to mid-depth 

deoxygenation (Sarma et al. 2016). Due to inadequate mixing, sub-surface waters 

display a low nanomolar range (10 to 200 nM) of O2 concentrations (Bristow et al. 

2017). The northern and southern regions of the open-ocean BoB experience high 

oxygen minima at sub-surface depths with the former having more intensity due to the 

input of fresh riverine waters from the north (Ganges and Brahmaputra) leading to 

stratification (Sarma et al. 2016). 

Variations in the depth and deoxygenation intensities of the OMZ are 

associated with strong stratification, increased sea surface temperature (Prasanna 

Kumar et al. 2004), surface primary productivity (phytoplankton biomass), and the 

transport of terrigenous organic matter (Naqvi et al. 1996; Sarma et al. 2016). BoB-

OMZ receives oxygenated waters consistently through cyclonic and anticyclonic 

eddies (Chen et al. 2012). This intense forcing disrupts the strongly stratified water 

masses and pumps a significant amount of O2 from the surface layers into the 

deoxygenated subsurface waters (Sarma et al. 2013; Sridevi and Sarma, 2020). Most 

of the year, the BoB-OMZ experiences DO values well above denitrification, with an 

exception during the intense northeastern-monsoon (salinity-controlled stratification) 

(Bristow et al. 2017; Sridevi and Sarma, 2020).  

 

1.1.3 Marine nitrogen and sulphur cycling in the OMZs 

The marine nitrogen cycle is one of the most influential elemental cycles 

within the global OMZs. In low-O2 concentration within the OMZ, both oxidative and 

reductive processes of the nitrogen cycle prevail. Nitrogen in the OMZs can be cycled 

in three stages, (1) N2 production (denitrification and anaerobic ammonia oxidation 

(anammox)), (2) remineralisation of nitrogen intermediates (dissimilatory nitrate 

reduction to ammonium (DNRA) and nitrate reduction) and (3) nitrification (ammonia 

oxidation and nitrite oxidation) (Lam et al. 2009). As the oxygen concentration 

diminishes in the OMZ due to increased demand of oxic respiration, alternative and 

preferred electron acceptors get utilised by respiring microbes. In seawater, nitrate 

(NO3
-) is present in high concentrations (~30 μM) and under suboxic conditions 

nitrate consumption yield similar amounts of energy as oxic respiration of organic 

matter. Thus, NO3
- is preferred during respiration as an electron acceptor once oxygen 

is exhausted (Froelich et al. 1979). Only once NO3
- is completely used up, the 
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following electron acceptors such as manganese (IV), iodate (IO3
-), iron (III) and 

sulphate (SO4
2-) are oxidised based on their expected energy yield (Canfield et al. 

2005).  

(1) N2 production 

The OMZs approximately contributes 30 to 50 % fixed nitrogen loss from the oceans, 

which is ultimately released to the atmosphere (Codispoti et al. 2001; Gruber, 2008). 

This loss is mainly because of biological processes, namely denitrification and 

anammox. Denitrification or heterotrophic denitrification is a progressive reduction of 

NO3
- to gaseous products of nitrous oxide (N2O) and/ or dinitrogen (N2), with 

intermediate compounds of nitrite (NO2
-) and nitric oxide (NO): [NO3

- → NO2
-
 →NO 

→ N2O → N2]. Denitrification surfaces in the OMZ only when oxygen values fall 

below 1 μM in the water column (Naqvi, 2006) and NO2
- accumulates at these depths 

forming SNM. Anammox process [NH4
+ + NO2

- → N2 + 2H2O] is recently seen as an 

alternate nitrogen loss pathway in the Arabian Sea, Namibian and Peruvian OMZs. 

Higher rates of anammox are observed along the coast compared to the deeper open-

ocean OMZs (Thamdrup and Dalsgaard, 2002; Dalsgaard et al. 2003; Kuypers et al. 

2003). Anammox arises at micromolar levels of NH4
+ and in zones of moderate NO2

- 

accumulation, accompanied with low NO3
- values (Kuypers et al. 2005; Hamersley et 

al. 2007; Lam et al. 2011). Adjacent or within the OMZ waters NO3
- and NO2

- are 

replenished by nitrification [NH4
+ → NO2

- → NO3
-] thus further fuelling nitrogen 

loss. A broad range of microbes are associated to denitrification viz., bacteria, fungi, 

foraminifera and halophilic archaea (Zumft, 1997; Cabello et al. 2004; Piña-Ochoa et 

al. 2010; Manohar et al. 2015; Mulla et al. 2018). Most of them can switch between 

oxygen and NO3
- dependent modes of respiration and are rarely obligate anaerobes 

(Zumft, 1997). Anammox bacteria make up only 4 % of the suboxic microbial 

community and hitherto belong only to the phylum Planctomycetes (Lam and 

Kuypers, 2011).  

(2) Remineralisation of nitrogen intermediates 

The dissimilatory nitrate reduction to nitrite [NO3
- + 2H+ + 2e- → NO2

- + 

2H2O] is a remineralisation step and virtually the first step in denitrification and 

DNRA processes. Nitrate reduction is produced at a rate of ~25 to 400 nM d-1 

throughout the vertical layers of the OMZ (ETSP and AS-OMZ) and can be variably 

high at the start of the OMZ (below the oxycline) (Lipschultz et al. 1990; Lam et al. 
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2009). Although nitrate respiration may not occur at ≤1 μM of oxygen, active nitrate 

reduction is observed at an oxygen concentration of 20 μM (Lipschultz et al. 1990; 

Naqvi, 2006). Nitrate or nitrite reduction does not necessarily terminate at N2 but can 

alternatively be reduced to ammonia by DNRA, also known as nitrate/ nitrite 

ammonification [NO3
- → NO2

- → NH4
+]. DNRA within the OMZ is reported to occur 

at near-bottom (seafloor) shelf of the coastal regions and in open-ocean waters (Kartal 

et al. 2007; Lam et al. 2009; Jensen et al. 2011). The Omani shelf in the AS-OMZ 

was reported to show an active DNRA (≤42 nM d-1) coupled with anammox (Jensen 

et al. 2011). Most of the microbial communities that perform DNRA are associated to 

anammox bacteria, chemolithotrophs and sulphur oxidisers (Simon, 2002; Kartal et 

al. 2007). 

(3) Nitrification 

Nitrification process occurs in two steps, first is ammonia oxidation [NH4
+/NH3 to 

NO2
-] followed by nitrite oxidation [NO2

- to NO3
-], replenishing NO2

- and NO3
- back 

in the system. Within the OMZ, the rates of ammonia oxidation are higher at the 

upper boundaries and diminish in the core-OMZ (Ward et al. 1989). The ammonia-

oxidising bacteria consist of β- and γ-Proteobacteria and a few archaeal groups in the 

OMZs (Ward et al. 1989; Lam et al. 2009). The ammonia oxidisers are adapted to 

low-O2 levels (~1 to 2 μM) and are suspected to thrive because of high available NH4
+ 

within the OMZ (Lam et al. 2011). The presence of nitrite oxidation in suboxic waters 

are detected by nitrite oxidisers and belong to the genera Nitrobacter, Nitrococcus, 

Nitrospina, Nitrospira and Nitrotoga (Spieck and Bock, 2005, Alawi et al. 2007; 

Bristow et al. 2017). 

In situations where intense deoxygenation leads to depletion of oxygen and 

other primary electron acceptors (such as NO3
-), respiring organisms tend to resort to 

a much lower electrode potential electron, sulphate (SO4
2-). Chemolithoautotrophic 

microorganisms in these regions re-oxidise the reduced sulphate with the available 

amounts of trace oxygen or other alternative electron acceptors to acquire energy. The 

sulphate reduction that results in hydrogen sulphide build-up is further oxidised by 

some sulphide/sulphur oxidiser that can utilise NO3
-/NO2

- as an electron acceptor. The 

NO3
-/NO2

- in turn gets reduced to gaseous nitrous oxide (N2O) and/ or N2, and the 

energy derived during this process is used to fix inorganic carbon. Oxidation of 

sulphur compounds generate electrons that reduce nitrogen compounds, which in turn 
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results in nitrogen loss and is referred to as chemolithoautotrophic denitrification 

[8NO3
- + 5HS- + 3H+ → 4N2 + 5SO4

2- + 4H2O]. Thus, coupling the nitrogen to 

sulphur cycling in the OMZ.  

Similar to heterotrophic denitrification, chemolithoautotrophic denitrification 

leads to the production of nitrogen intermediates such as NO2
-, NO and N2O 

(Robertson and Kuenen, 2006). Depending on the ability of the organism or 

favourable environmental conditions involved, these nitrogen intermediates may or 

may not reduce further. The same bacterial species can oxidise a broad variety of 

sulphur-containing compounds such as elemental sulphur, sulphide and thiosulphate. 

The end products can range from zero-valent sulphur to sulphate depending on the 

physiological conditions (Robertson and Kuenen, 2006; Ghosh and Dam, 2009). 

Chemolithoautotrophic denitrifiers fit into different subclasses of Proteobacteria 

(Ghosh and Dam, 2009). The culture-independent approaches in the non-sulfidic 

(below detection limit) oxygen-depleted regions in the oceanic water bodies showed 

the presence of autotrophic denitrifiers (ε- and/or γ-Proteobacteria) in the Chilean-

ESP OMZs and AS OMZs, (Fuchs et al. 2005; Stevens and Ulloa, 2008) having the 

potential of chemolithoautotrophic denitrification. The uncultured 

Gammaproteobacteria Sulphur Oxidiser (GSO) SUP05 is a diverse clade in the OMZs 

(Stevens and Ulloa, 2008; Bristow et al. 2017). Genomic studies have shown the 

presence of a full complement of sulphide-oxidising and nitrate-reducing genes 

(Walsh et al. 2009; Canfield et al. 2010). The evidence of the sulphur-oxidisers 

existing in sulphide free and nitrite rich OMZ waters has led to the emergence of a 

cryptic sulphur cycle, linking the pelagic nitrogen cycle to the sulphur cycle. 

 

1.1.4 Techniques used to study the microbial diversity in the OMZ 

To understand the microbial ecology of an ecosystem, it’s essential to consider 

its microbial diversity (Atlas, 1984). The microbial ecologists have proposed various 

tools to decipher the microbial communities in complex environments. Since 

microbial cultivation-based techniques can reveal ≤1% of the microbial diversity, the 

molecular tools are providing new insights into microbial ecology (Rappé and 

Giovannoni, 2003). Shifting from classical microbial methods to modern molecular 

tools has helped the researchers to explore the rare biosphere microbial population 

(Grewal et al. 2014).  
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Microbial diversity studies in complex habitats such as the OMZs have shown 

that culture-independent molecular studies can identify diverse prokaryotic 

communities, that were once thought to inhabit only euxinic ecosystems (Ulloa et al. 

2013). Metagenomic studies based on DNA sequencing have become one of the 

common choices of molecular tools for identifying microbial communities in OMZs. 

In metagenomics, genomes are collected from the natural microbial communities with 

random sampling from the environment. At times, these genomes are cloned and 

sequenced or directly sequenced based on their gene requirements (Handelsman, 

2004; Gilbert et al. 2008). DNA sequencing of clones detects only the dominant 

components of microbial communities masking the detection of less abundant 

microorganisms (Huang et al. 2013; Grewal, 2014). High-throughput sequencing 

techniques show promising results in exploring the rare/less abundant microbial 

population in the natural environment. However, cultivation-based techniques cannot 

be ignored as these techniques hold a vital position in studying the organism’s 

response to various processes in its natural ecosystem.  

Molecular tools are allied to conventional culture-dependent methods, where 

in metagenomic data is used to improve cultivation techniques in isolating microbes 

of interest (Rondon et al. 2000; Jiang et al. 2011; Gong et al. 2013; Tan et al. 2014). 

Various culture-based and culture-independent techniques (fingerprinting techniques 

(DGGE), fluorescence in situ hybridisation (FISH), small subunit ribosomal rRNA 

(SSU rRNA) sequencing, 16S rRNA gene cloning, qPCR, protein-coding gene 

sequencing and high throughput sequencing) have helped to answer diversity issues in 

the global permanent OMZs and thus creating paths for improvement (Fuchs et al. 

2005; Ulloa et al. 2013; Bristow et al. 2017; Menezes et al. 2018; Rajpathak et al. 

2018; Paingankar et al. 2019). Studying the microbial diversity in an environment 

should be directed towards a spatial uniformity of the technique in order to have a fair 

investigation (Gonzalez et al. 2012). 

 

1.1.5 Impacts associated with the OMZs 

It is stated that “dissolved oxygen in the ocean provides a sensitive early 

warning system for the trends that climate change is causing” (“Oxygen in the ocean,” 

2010). The consequences of global warming have led to further expansion of OMZs 

(decrease ventilation by stratified waters, thereby decreasing O2 solubility) and 
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increase of remineralisation by natural or anthropogenic inputs (Paulmier et al. 2008). 

The OMZs experience direct and indirect complex feedback on climate and the 

ecosystem.  Direct effects include N2O production or CO2 sequestration due to OMZ 

remineralisation mechanisms. These indirectly contribute as primary regions of 

nitrogen loss as gaseous release of N2, N2O into the atmosphere through bacterial 

denitrification and anammox processes (Paulmier et al. 2008).  

OMZs are naturally associated with acidification in the oxygen-deficient 

depths with low pH ~ 7.5 (Paulmier, 2005). Ocean acidification is decreasing the 

oceanic pH due to CO2 dissolution in the seawater [CO2 (aq) + H2O ⇋ H2CO3 ⇋ 

HCO3
- + H+ ⇋ CO3

2- + 2H+] caused due to anthropogenic emissions, thereby, 

increasing the hydrogen ion concentration in the ocean (Doney et al. 2009). The 

shallower depths of the OMZs experience reduction in pH due to CO2 produced 

during microbial respiration and further reduction contributed by human-generated 

CO2 emissions (Feely et al. 2008). The Chilean-OMZ in the Pacific Ocean is 

considered as Carbon Maximum Zone (CMZ) due to high dissolved inorganic carbon 

mainly due to CO2 input (Paulmier et al. 2011). The Arabian Sea and the Bay of 

Bengal have responded to temporal variations in seawater pH because of ocean 

acidification (Omer, 2010; Rashid et al. 2013). CMZ-OMZs are suggested to 

represent as a site of natural laboratories, having low DO accompanied by high CO2 

in the oceans (Paulmier et al. 2011). Ocean acidification effects can affect the 

microbial population who are the key players in nutrient cycling and carbon flow in 

an ecosystem. Marine microbes and their processes are sensitive to pH change. It 

shows direct changes in microbial activities such as extracellular enzyme activity, 

nitrogen cycling and quorum sensing. Over the past decades, the expanse of suboxic 

OMZ waters has increased, with a likelihood of further expansion in response to 

ocean warming and increased stratification associated with climate change (Sarmiento 

et al. 1999; Stramma et al. 2008; Keeling et al. 2010).  

 

1.2 Literature review 

The earth has witnessed suboxic and anoxic events in the marine 

environments, during much of the Holocene geological time scale (Von Rad et al. 

1999; Staubwasser et al. 2002; Thamban et al. 2007; Banse et al. 2014). The 

Challengers Expedition recognised the beginning of permanent suboxic regions 
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during the years starting from 1872 to 1876 (Dittmar, 1884). Many years later, the 

Murray Expedition (1933-34) aboard RV Mabahiss discovered swathes of low oxygen 

concentrations in the AS. The Murray Expedition was then followed by the 

International Indian Ocean Expedition (IIOE; 1959-65), that documented details of 

the minimum oxygen waters in this region.  However, during the same period, Klaus 

Wyrtki, an American physical Oceanographer known for his work on forecasting ‘El 

Nino’, was the first to publish the findings of anoxic environments in the oceans 

(Wyrtki, 1962) and specifically in the Eastern Tropical Pacific (Wyrtki, 1966). The 

term ‘oxygen minimum zones’, was first coined by Joel D. Cline and Francis A. 

Richards in the year 1972, until this time, it was addressed as either suboxic, hypoxic 

or anoxic conditions. Oxygen minimum zones are regions that experience <20 μM 

dissolved oxygen concentrations within a depth range of 10-1300 m, i.e., from shelf to 

upper bathyal zones (Helly and Levin, 2004). The OMZs are formed through 

microbial biochemical oxygen consumption and restricted water circulation, affecting 

the distribution and positioning of the OMZ within the water column (Wyrtki, 1962). 

The term OMZ, however, differs from the rest of the terms used to classify dissolved 

oxygen concentration in the water column as tabulated in Table 1.2 

 

Table 1.2 Various stages of DO in the marine environment 

Environmental 

description 

Oxygen levels* 

(ml/L) 

Reference 

Anoxia 0  Naqvi et al. 2010 

Microoxic ≤0.1  Bernhard and Sen Gupta, 1999 

Hypoxic/suboxic <0.2  Kamykowski and Zentara, 1990 

OMZ <0.5  Levin, 2003 

Dysoxic 0.1 – 1.0  Rhoads and Morse, 1971 

Oxic ≥ 1  Rhoads and Morse, 1971 

* Measured using standard Winkler method (Grasshoff, 1983, Winkler, 1888) 

 

1.2.1. Oxygen concentrations within the OMZs 

The OMZs display a typical vertical profile that forms gradients of DO concentrations 

in the water column (Figure 1.3). It starts with an initial abrupt drop in oxygen 
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concentration from the surface to the sub-surface, usually referred to as the upper 

OMZ/interphase. Further extends into a zone of prolonged oxygen depletion, referred 

to as the core OMZ. Finally follows a gradual increase in oxygen as the depth 

increases known as lower OMZ/interphase. This oxygen profile is a common trend in 

all OMZs; however, the thickness and the depth of such an occurrence vary 

regionally. 

The thickness of the zone depends on the circulation patterns and region-wise 

dissolved oxygen content in the ocean (Wyrtki, 1966, Wyrtki, 1973). The AS and 

BoB (northern Indian Ocean) OMZ have an average core thickness of 240-1000 m 

and 180-490 m respectively. The AS-OMZ has the thickest core (> 750 m) associated 

with intense oxygen depletion. The Eastern Tropical North Pacific (ETNP) and 

Eastern South Pacific (ESP) off Peru have the thickest and deepest (> 3000 m) OMZs 

profile, while the thinnest OMZ (740 m) persists off Chile (Paulmier and Ruiz-Pino, 

2009).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Vertical profile of O2 concentration in the OMZs. 
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The permanent OMZs display varying oxygen concentration in its core depths. 

Based on WOA2005, the annual and regional averages of O2 concentration at the core 

of the perennial OMZs were calculated. The ESP-OMZ had a mean DO concentration 

of 15 (± 2) μM, while the ENP and ESTNP-OMZ showed values of 14 (± 3) μM and 

18 (± 1) μM, respectively, in the Pacific Ocean. The AS-OMZ contrarily had the most 

intense oxygen depletion in the core depths of about 13 (± 4) μM, while the BoB 

showed a mean value of 16 (± 2) μM in the northern Indian Ocean (Paulmier and 

Ruiz-Pino, 2009).  

Hitherto the O2 concentrations within the OMZs are widely measured using 

the standard Winkler method (Grasshoff, 1983; Winkler, 1888), which is only 

recently believed to be spurious in detecting O2 concentrations in the OMZs. The lack 

of reliability of Winkler titrations is due to the inability to measure O2 concentrations 

in the nanomolar range. Researchers have developed a much reliable and sensitive 

sensor that has achieved an accuracy of three orders of magnitude lower than 

previously detected methods (Winkler titration, electrochemical method and optical 

sensor) that have a limit of detection in 1-2 μM (Revsbech et al. 2009). The 

electrochemical STOX sensor (Switchable Trace amount Oxygen) revealed that most 

parts of the OMZs have O2 concentrations in nanomolar level or lower (practically 

anoxic). Depending on the instrument’s configuration and electronics, the line of 

detection (LOD) of the sensor varies in a nanomolar range (~1 to 10 nM) (Revsbech 

et al. 2009). Most recent studies have predominantly sampled the permanent OMZs 

using STOX sensor and recorded DO values in nanomoles (Table 1.3). However, 

these studies lack large scale measurements or replicates as shown using the Winkler 

method. The lack of popularity of STOX sensors over other oxygen measuring 

methods and sensors is due to its strenuous production and use, which requires 

specialised expertise. Additionally, commercially available STOX sensors are costly. 

Thus, limiting the vast use in resolving and understanding O2 dynamics in the global 

OMZs (Larsen et al. 2016).   

Further, Larsen et al. (2016) deployed a novel optode sensor (trace oxygen 

profiler instrument) in the ETNP and BoB-OMZs. This sensor is an alternative to 

STOX methodology, and it is easy to manufacture and use, having a LOD ~1-50 nM, 

thus highly sensitive. Based on the use of the optode sensor, the ETNP showed O2 
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concentrations of 5 nM (LOD) while the BoB showed ~50 nM. However, this sensor 

is yet to be used in other OMZs in order to obtain uniform data.   

 

Table 1.3. Nanomolar O2 concentrations using STOX sensor in the OMZs 

OMZ regions DO value* (nM) LOD (nM) Reference 

ETSP- Peruvian coast <2 2 Revshech et al. 2009 

ETSP- Chile coast <13 13 Canfield et al. 2010 

Central AS <90 90 Jensen et al. 2011 

Namibian 100 100 
Kalvelage et al. 2011 

ETSP-Peru 50 50 

ETSP- Chile and Peru < 10 
10 Thamdrup et al. 2012 

ETSP- Peruvian coast 10-50 

ETNP- Mexico coast 5 
4-300 Tiano et al. 2014 

ETSP- Chile coast 10 

ETNP <50 50 Ganesh et al. 2015 

Northern BoB <7 7- 12 Bristow et al. 2017 

* the lowest value recorded in the core of the OMZs 

 

1.2.2 Pelagic bacterial diversity in the permanent OMZs 

The OMZs have persistently been present in the ocean and represent as a site 

for nurturing unique microbes. The microorganisms along the oxygen gradients, 

recycle organic and inorganic nutrients, mainly carbon, nitrogen and sulphur, via 

aerobic and anaerobic processes in the OMZs. These microorganisms, contribute 

towards unique features such as SNM in the core of the OMZ which develop intense 

chemical gradients that fuel biological processes (Morrison et al. 1999; Stevens and 

Ulloa, 2008). Biological studies within the OMZs, have witnessed a striking 

difference in the diversity and abundance between the pelagic macrofauna and 

microbial communities, with the former showing to be less diverse and abundant 
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along the oxic-anoxic gradients of the OMZ waters (Stewart et al. 2012; Ekau et al. 

2010).  

The OMZ-associated microbes participate in mediating fixed nitrogen loss 

from the ocean through denitrification and anammox processes. Besides, recent 

evidence shows their role for pelagic sulphur cycling (Codispoti et al. 2001; Kuypers 

et al. 2005; Stevens and Ulloa, 2008; Ward et al. 2009; Canfield et al. 2010). Over the 

years, studies related to microbial communities in the OMZ are largely based on 

individual pathways (such as denitrification, anammox) or metagenomic community 

studies related to 16S rRNA genes and functional gene abundance (such as nirS, 

amoA etc.). Notably, studying bacterial diversity in marine habitat is vital for 

understanding their distribution, community structure and thereby, the functioning of 

the ecosystem (Divya et al. 2011). 

 

1.2.2.1 International contribution of bacterial diversity from the OMZs 

OMZs was once considered to have essentially different microbiology and 

biogeochemistry than anoxic and sulfidic systems. However, the microbial studies in 

the OMZs shifted this notion, that showed the existence of microbial processes such 

as anammox and an active sulphur-oxidising community (such as SUP05 and 

ARCTIC96BD-19 clade) which were otherwise endemic to euxinic basins (Sunamura 

et al. 2004; Ulloa et al. 2013). Culture-independent studies have revealed diverse 

microorganisms from permanent and seasonal OMZs (Stevens and Ulloa, 2008; 

Podlaska et al. 2012; Stewart et al. 2012; Bryant et al. 2012; Wright et al. 2012; 

Ganesh et al. 2015).  

The commonly diverse prokaryotic community in the OMZ consists of phyla 

ranging from Proteobacteria, Bacteroidetes, Marine Group A, Firmicutes, 

Verrucomicrobia, Gemmatimonadetes, Lentisphaerae and Chloroflexi, along with 

candidate divisions GN0, OD1, OP11, TM6, WS3, ZB2 and ZB3 were reported 

(Wright et al. 2012). Molecular cytogenic studies elucidated the use of Fluorescence 

In-situ Hybridisation (FISH) and Catalyzed Reporter Deposition (CARD)-FISH 

techniques to identify specific bacterial and archaeal groups, respectively, from the 

OMZ waters (Podlaska et al. 2012). Based on metagenomics, Podlaska et al. (2012) 
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suggested that specific drawdown of nitrate and nitrite in the suboxic water column 

was due to the dominance of nitrite-reducing chemoorganotrophs and anammox 

related bacteria, respectively, which was further strengthened by supporting evidence 

introduced by Stewart et al. (2012), who incorporated community genomics with 

transcriptomics. Based on this study, it was evident that the oxycline and core OMZ 

waters harboured organisms with genes involved in nitrification, anammox and 

denitrification processes, matching the transcripts to bacterial (e.g., Candidatus 

Kuenenia stuttgartiensis, SUP05 clade) and archaeal (e.g., Nitrosopumilus maritimus) 

groups. Additionally, picoeukaryotes were also identified in association with bacterial 

and archaeal diversity on sequencing SSU rRNA from extracted genomic DNA after 

size fractionation (0.22- 1.6 μM) studies (Bryant et al. 2012).  

Phylogenetic diversity in the OMZs is higher within the OMZ, compared to its 

adjacent water masses (oxic and oxycline) (Stevens and Ulloa, 2008; Podlaska et al. 

2012). However, temporal trends indicated conflicting results of higher phylogenetic 

diversity in oxic-depths which declined in the OMZ (Bryant et al. 2012; Beman and 

Carolan, 2013). Podlaska et al. (2012) suggested that the core of the OMZ dispenses 

various terminal electron acceptors compared to the surface oxic or deep oxycline 

where oxygen is the primary electron acceptor which was the reason of high diversity 

in the OMZ (Stevens and Ulloa, 2008). However, Bryant et al. (2012) considered the 

core OMZ as a region with low energy availability. Contributed due to low redox 

potentials, decreased availability of organic matter and absence of solar radiation, 

thus, reducing the number of possible niches compared to the surface depths (Bryant 

et al. 2012).  

The OMZ waters promote the enrichment of specific bacterial groups such as 

anammox bacteria, sulphur-cycling Chromatiales (purple sulphur bacteria) and 

sulphur-oxidising symbionts, which are otherwise observed as rare taxonomic groups 

in the oxic water depths (Beman and Carolan, 2013). Such rare biospheres are 

reservoirs of low bacterial abundance and increase in richness under favourable 

conditions, such as those in the OMZ (Pedros-Alio, 2012). OMZs could undergo 

global expansion and emerge as an environmental concern. This could result in the 

altering of bacterial diversity and community composition within the OMZ (Gilly et 

al. 2013; Beman and Carolan, 2013) and have potential effects on intensifying the 



 

19 

 

loss of fixed nitrogen and increasing the emission of N2O from the oceans (Keeling et 

al. 2010; Codispoti, 2010). 

 

1.2.2.2. National contribution of bacterial diversity from the OMZs 

1.2.2.2.1. Arabian Sea - Culture-independent approaches  

Recent years, the advent of culture-independent techniques has helped us 

improve our knowledge on the microbial diversity and dynamics of the AS-OMZ and 

paved the way for further improvements (Riemann et al. 1999; Fuchs et al. 2005; 

Divya et al. 2010; Jain et al. 2014). The Joint Global Ocean Flux Study contributed to 

most of the initial biological data generated from the AS-OMZ (Riemann et al. 1999). 

It covered the horizontal and vertical distribution of bacterial community composition 

studies, during two consecutive north-east monsoons in the AS. The use of the 

Denaturing Gradient Gel Electrophoresis (DGGE), identified sequences which were 

affiliated to Cyanobacteria, α-, δ-Proteobacteria, Gram-Positive bacteria and Green 

non-sulphur bacteria. Much later, Fuchs et al. (2005) sorted bacterial cells through 

flow cytometry and subjected them to 16S rRNA gene cloning and FISH to determine 

the heterotrophic picoplankton in the oligotrophic, mesotrophic and OMZ waters. 

They observed that these contrasting waters in the AS harboured different 

heterotrophic picoplankton communities. The clone libraries were dominated by 

sequences of SAR11 and SAR406 clade in the OMZ. Bacterial groups, namely 

sulphate-reducers (Desulfosarcina, Desulfofrigus) and sulphide-oxidising bacteria 

(endosymbionts of Riftia and Calyptogena) were exclusively identified within the 

OMZ. In addition, sequences belonging to archaea viz., Crenarchaeota and 

Euryarchaeota were recovered.  

Apart from the whole community studies in the AS-OMZ, a few reports have 

focused on distribution and activity of specific groups such as filamentous sulphur-

oxidising bacteria (Schmaljohann et al. 2001), anammox bacteria (Woebken et al. 

2008; Pitcher et al. 2011; Villanueva et al. 2014; Bandekar et al. 2018) and ammonia-

oxidising archaea (Newell et al. 2011; Bouskill et al. 2012). Luke et al. (2016) 

elucidated the nitrogen cycle in the upper and core-OMZ of the AS and observed 

bacterial community involved in ammonium oxidation, anammox, nitrite oxidation, 

denitrification and DNRA processes. DGGE and 16S rRNA cloning techniques 
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performed with samples from the central AS (Jain et al. 2014; Bandekar et al. 2018) 

showed seasonally similar trends in bacterial diversity. The bacterial diversity within 

the OMZ depths was less diverse compared to the oxic surface waters similar to those 

observed in the ETSP (Bryant et al. 2012) and ETNP (Beman and Carolan, 2013). 

The bacterial community was composed of α-, γ-Proteobacteria and Cyanobacteria as 

dominant members and also identified archaeal sequences affiliated to Marine Group 

II and Euryarchaeota. Cluster analysis separated bacterial communities based on 

OMZ and oxic samples which were influenced by DO and total organic carbon. There 

was no temporal variation of bacterial-community-composition observed in the OMZ, 

unlike that seen in the oxic surface waters.  

The west coast of India experiences seasonal OMZ with intense hypoxia 

during the southwest monsoon, that stretches along the eastern AS (Naqvi et al. 

2000). Diverse metagenomic tools have been used to uncover bacterial communities 

along the eastern AS-OMZ ranging from DGGE, 16S rRNA gene cloning and modern 

high throughput sequencing (Singh et al. 2011; Gomes et al. 2018; Paingankar et al. 

2019). The spatial variations in the bacterial community are observed throughout the 

year, however, temporal differences occur only during the southwest monsoons 

(Singh et al. 2011; Gomes et al. 2018). Bacterial class ranging from Acidobacteria, 

Actinobacteria, α-Proteobacteria, Bacteroidetes, β-Proteobacteria, Chloroflexi, 

Cyanobacteria, δ-Proteobacteria, Firmicutes, γ-Proteobacteria, Marinimicrobia, 

Omnitrophica, Planctomycetes and Verrucomicrobia were present. These bacterial 

classes are very much similar to bacterial communities in the open-water OMZs. 

While the predominance of anaerobic over aerobic bacterial community was observed 

in the eastern AS-OMZ. The anaerobic bacteria are higher in the continental slope 

(high-hypoxia) waters compared to the off-shore (less-hypoxia) waters (Gonsalves et 

al. 2011). High throughput sequencing and predicted functional profiles of bacterial 

diversity found at the west coast of India showed differences between bacterial-

community-composition in the OMZ and non-OMZ regions (Paingankar et al. 2019). 

This data generated 1328 unique OTUs from the OMZ samples and identified families 

belonging to Anoxybacilllus, Arenicella, Clamydiales, Gemella, Hyphomonas, 

Legionella, Methylophaga, Nitratireductor, Oleiobacter, Pararhodobacter, 

Phenylobaterium, Ruthia, SAR324, Sphingopyaix, Rhodospirallacae, 

Xanthomonadeacae and Zunongwangia. The predicted functional analysis within the 



 

21 

 

OMZ waters highlighted genes that were involved in processes of nitrate-reducers, 

sulphate-reducers and sulphur-oxidisers (Paingankar et al. 2019).  

 

1.2.2.2.2. Bay of Bengal - culture-independent approaches  

In comparison to AS, the BoB-OMZ is less explored in terms of bacterial 

diversity. However, there are a few significant contributions towards the bacterial-

community-composition in the coastal and open ocean OMZ and non-OMZ waters. 

One of the first few studies carried out in the BoB with respect to biological processes 

was by Naqvi et al. in 1996. They measured the ETS (electron transport system) 

activity at the AS and BoB by tetrazolium reduction technique of Packard and 

Williams (1981). The BoB showed lower respiration rates in comparison to the AS 

which was hypothesized to be due to the freshwater inputs into the BoB, resulting in 

increased downward flux of organic matter in the water column which reduced the 

degree of oxidation. Kumar et al. (1998) studied the vertical distribution of 

Transparent Exopolymer Particles (TEP), which contributes to the dissolved organic 

matter in the AS and BoB. The bacteria trapped within the TEP respires and releases 

CO2 in the seawater and are observed at suboxic depths in the water column. The AS 

was associated with higher TEP in comparison to the BoB, owing to the interaction 

with the faster sinking rates of the mineral particles and thus making it unavailable in 

the water column. However, this study provides an indirect indication of bacterial 

associations in the water column; it suggests that the AS is a reservoir of high organic 

matter meeting the needs of high carbon demand by bacteria in the denitrifying waters 

of the AS. Studies concerning bacteria and primary production saw higher ratio in the 

western BoB (31 % in coastal waters) compared to the central BoB (29 % in the open 

ocean) (Fernandes et al. 2008). A recent study measured the nanomolar range of DO 

(10-200 nM) than the ones previously detected in BoB and was accompanied by 

nitrogen-metabolising prokaryotes that contribute to N2 production (Bristow et al. 

2017). The quantification of functional genes detected bacteria involved in anammox, 

sulphur-oxidation and nitrite oxidation. Dominant bacterial families such as 

Pelagibacteraceae and Caulobacteraceae affiliated to sulphur and nitrogen metabolism 

were identified using modern metagenomic tools such as high throughput sequencing 

along the OMZ and non-OMZ coastal waters (Rajpathak et al. 2018). The predictive 

analysis highlighted the abundance of taxa involved in dissimilatory sulphate 
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reduction. Diverse and widely distributed anammox community exist in the eastern 

Indian Ocean water column as well as its underlying sediments and was mostly 

dominated by Candidatus Scalindua sp. (Qian et al. 2018). Archaeal community and 

ammonia oxidising community are abundant along the equator and in the BoB 

sediment bed (Wang et al. 2017). A study in the surface layers of the BoB, during the 

pre-southwest monsoons, identified diazotrophic community (bacteria that fix N2) 

dominated by cyanobacteria Trichodesmium spp. along with Proteobacteria (such as 

α-, β-, and γ-proteobacteria) (Wu et al. 2019).  

 

1.2.2.2.3. Culture-dependent approaches  

The culture-dependent methods provide us with the opportunity to look into 

various physiological and metabolic potentials of the isolates that are essential in 

elucidating the microorganism (Cardenas and Tiedje, 2008). Most microbes (90-99.9 

%) in the environment resist cultivation, due to (i) specific growth requirements, (ii) 

fast-growing organisms out-number the slow-growers and (iii) inadequate or stressful 

conditions executed during cultivation (Vartoukian et al. 2010). However, researchers 

have pointed out that if the culture conditions are supplemented with chemical 

components of the natural environment, then there could be higher chances of 

recovery (Mu et al. 2018). Culture-dependent studies in the OMZs are rare and need 

attention; however, due to the complex redox processes that occur in these waters, it 

makes isolation techniques more challenging. Nevertheless, a few attempts made to 

isolate bacteria from the OMZs are by amending the culture media with the required 

nutrients or the use of differential media and use of general culture media to target the 

growth of marine bacteria for bacterial diversity studies. Amended culture media with 

glycerol as an electron acceptor for sulphate reduction led to the isolation of two 

novel sulphate-reducing bacteria (SRB) of the genus Desulfovibrio from the Peruvian 

Coast OMZ in the ETSP (Finster and Kjeldsen, 2009). This report discovered the 

presence of an active pelagic SRB community in the OMZ, which was otherwise 

believed to thrive in permanent anoxic waters (Teske et al. 1996; Finster and 

Kjeldsen, 2009; Kondo and Butani, 2007). Mulla et al. (2018) isolated nitrate-

reducing bacteria on Nitrate agar from the AS-OMZ water column and recovered 

three bacterial phyla, i.e., Actinobacteria, Firmicutes and Proteobacteria, and 

demonstrated that a few species possessed nitrate utilising activity. A much recent 



 

23 

 

study by Sanz-Sáez et al. (2019) showed diversity patterns of marine heterotrophic 

culturable bacteria between Pacific (3 stations) and Indian Ocean OMZ (single station 

sampled from the AS) at a single depth. They isolated a total of 362 isolates after 

culturing onto Zobell Marine Agar (ZMA) and Marine agar. The bacterial phyla 

reported belonged to Proteobacteria and Bacteroidetes, with genera Alteromonas and 

Erythrobacter that were the most widespread bacteria. The genus Gramella was 

overrepresented in the sampled regions that were able to grow on solid agar. These 

bacterial isolates from the OMZs showed distribution patterns of cosmopolitan marine 

culturable heterotrophic bacteria among the sampled sites. 

 

1.2.2.2.4. Functional studies related to nitrogen and sulphur cycle in the OMZs 

The world oceans experience a massive loss of fixed N2 by the OMZs 

(Codispoti, 2007), with almost half of it is contributed by the AS (Ward et al. 2009) 

and about ~2.5% by the BoB (Bristow et al. 2017). The anammox and heterotrophic 

denitrification are the core processes that are mainly responsible for the N2 loss in the 

OMZs. Thus, studying the denitrification processes in the OMZs has gained 

importance over the years. The denitrification process is extensively elucidated based 

on the presence of molecular marker studies. The nitrite-reduction in the 

denitrification process is considered to be a rate-limiting step in the conversion of 

nitrate to N2 and the enzyme catalysing this step is encoded by the gene nirS. Besides, 

the only metabolic pathway known for the utilisation of N2O is an enzyme nitrous 

oxide reductase. Which is encoded by the gene nosZ. The presence of nosZ within an 

organism indicates the potential of it to reduce NO3
- to N2 (Wyman et al. 2013). The 

nirS and nosZ genes are widely used as biomolecular markers in detecting the 

presence of denitrification in an environment such as the OMZs.  

A couple of studies have been done in the Indian Ocean OMZ to identify the 

distribution and occurrence of denitrifying genes (Jayakumar et al. 2004; Jayakumar 

et al. 2009; Wyman et al. 2013; Luke et al. 2016; Bristow et al. 2017). The activity of 

denitrification in the AS and BoB are mainly validated based on molecular and 

isotopic pairing experiments (Jayakumar et al. 2009; Ward et al. 2009; Bristow et al. 

2017). Genes involved in the denitrification pathway namely narG (nitrate reductase), 

nirS and nosZ are highly abundant and diverse in waters with high nitrite and low 

dissolved oxygen waters along the southwest of India (coastal) and central northeast 



 

24 

 

AS (open-ocean) (Jayakumar et al. 2004; Jayakumar et al. 2009; Ward et al. 2009; 

Wyman et al. 2013; Luke et al. 2016; Gomes et al. 2018). However, studies specific 

to BoB-OMZ are scarce (Bristow et al. 2017). Quantitative reduction of nirS and nosZ 

gene were reported in waters with hydrogen sulphide or high oxygen values 

(Jayakumar et al. 2009).   

Phylogenetic relationships of the nirS gene sequences from the open-ocean 

and coastal waters AS are quite well studied. Jayakumar et al. (2004, 2009) based on 

phylogenetic analysis showed nirS sequences from the open ocean AS-OMZ were 

closely related with those from the ETSP-OMZ, while a few were endemic to the 

region (that showed no close match to the database at the time of the study). In 

addition, the coastal samples showed dominant nirS sequences, analogous to the 

cultivated denitrifier, Pseudomonas aeruginosa (Jayakumar et al. 2004, Jayakumar et 

al. 2009) and most nirS genes were distantly related with sequences from the marine 

or estuarine sediments. The nirS genes are relatively distinct between the open-ocean 

and coastal AS-OMZ (Jayakumar et al. 2009). The nosZ sequences dominated within 

suboxic waters of the AS and were affiliated under the class α-Proteobacteria, namely 

Labrenzia spp., Nisaea sp., Ruegeria sp. and Roseobacter spp. (Wyman et al. 2013). 

Luke et al. (2016) reported nitrate reduction (78 %) as the most dominant nitrogen 

process in AS-OMZ core and showed the presence of genes involved in nitrification 

(nifH, amoA, hao, nxrB) and nitrogen loss (narG, nirK, nirS, norB, nosZ, nrfA, hzsA 

and hdh). The BoB displayed nitrogen fixation gene nifH (nitrogenase) in the surface 

waters (<200m) during the pre-southwest and winter monsoon season (Wu et al. 

2019; Loscher et al. 2020), accompanied with low N2 fixation rates from the deep 

chlorophyll maximum to the OMZ. 

Unlike the well-researched pelagic nitrogen cycle in the OMZs, the sulphur 

cycle has been considerably less investigated in the northern Indian Ocean. A sulphur 

cycle was not envisioned in low oxygen non-sulphidic OMZ until chemoautotrophic 

sulphur-oxidising gill symbionts affiliated to GSO were first identified in the open-

ocean OMZs in the AS, the ETSP and NAM (Fuchs et al. 2005; Stevens and Ulloa, 

2008; Lavik et al. 2009). Molecular studies of the marine group SUP05 revealed 

genes for the enzymes involved in chemolithotrophic oxidation of reduced sulphur 

compounds (sulphide, sulphite, elemental sulphur, and thiosulphate) using nitrate as a 

terminal electron acceptor, thereby reducing it to N2O/N2. This led to the discovery of 
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a potential coupling between pelagic sulphur and nitrogen cycling in the OMZs 

(Walsh et al. 2009; Lavik et al. 2009). Further, the SUP05 clade has the potential to 

either favour denitrification or anammox processes by step-wise reduction of nitrate 

to nitrogenous gases (N2O/ N2) or indirectly by DNRA which in-turn can initiate 

anammox (Walsh et al. 2009; Canfield et al. 2010; Zaikova et al. 2010; Hawley et al. 

2014; Murillo et al. 2014). Protein-coding gene studies in the ETSP-OMZ revealed 

genes related to sulphur energy metabolism viz., dsr (sulphide oxidation), sox 

(thiosulphate oxidation), apr (sulphite oxidation), aprM (APS reductase membrane 

anchor), FCSD (flavocytochrome c sulfide dehydrogenase) and SQR (sulfide-quinone 

reductase) at oxygen-deficient depths. Alongside with genes involved in nitrogen 

cycling viz., hzo (hydrazine oxidation; anammox), narG (nitrate reduction; 

denitrification), nirS/nirK (denitrification, anammox), norB (denitrification), nosZ 

(denitrification) and amo (aerobic ammonia oxidation) (Canfield et al. 2010; Ulloa et 

al. 2012).  

Many studies pertaining to the cryptic sulphur cycling that associate microbial 

communities and functional gene studies are carried out in the Pacific OMZs 

(Stewart, 2011; Stewart et al. 2012; Wright et al. 2012; Ulloa et al. 2013; Hawley et 

al. 2014; Crowe et al. 2018). The Indian Ocean OMZs are not yet well explored with 

respect to the functional genes involved in cryptic sulphur cycling and relatively poor 

understanding between the interdependent sulphur-nitrogen cycling. However, 

recently Bristow et al. (2017) suggested that sulphur cycling could be envisioned in 

the BoB-OMZ, based on their study which identified the presence of the clade SUP05 

and GSO along with genes related to sulphur metabolism processes e.g., 

adenylylsulphate (APS) reductase (aprA). Diverse microbes participating in sulphur 

and nitrogen cycle are reported to be present in the AS and BoB-OMZ (mentioned 

earlier in the literature review). Thus, it is likely that similar processes related to 

nitrogen and sulphur metabolism occurring in the Pacific OMZs could be present in 

the northern Indian Ocean OMZs on further exploration. 

 

1.2.2.3. Ocean acidification in the OMZs 

Biological, chemical and geological studies have considered OMZs analogous 

to primitive anoxic oceans associated with increased CO2 atmosphere (>1000 ppmv) 

(Royer et al. 2004; Paulmier et al. 2011). However, apart from the oxidation of 
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organic matter by microbial respiration, anthropogenic input of CO2 into deep oceans 

has contributed to global acidification in intermediate-depth waters (Byrne et al. 

2010; Levin and Bris, 2015). The rise in atmospheric CO2 is reshaping the marine 

ecosystem (directly or indirectly), by the observed increase in sea level, ocean 

acidification, ocean deoxygenation and ocean warming (Doney et al. 2012). CO2 

induced changes such as intensifying deoxygenation and lowering of pH are observed 

to affect ecosystems that are already subjected to high natural variability such as 

OMZs (Gruber et al. 2012; Doney et al. 2012; Lavin et al. 2015). These changes are 

likely to have consequences on biogeochemical cycling and ecosystem structure 

(Doney et al. 2012). 

Studies related to the effect of ocean acidification on marine microbes has 

rarely been considered. The scarcity of research is partly due to the natural variability 

in pH of the oceans, which is dependent on the path of productive gradients, depth 

and season. Nevertheless, efforts are taken to elucidate changes that could alter 

microbial community (Guinotte and Fabry, 2008; Allgaier et al. 2008; Joint et al. 

2011; Newbold et al. 2012; Krause et al. 2012) or their processes (Hutchins et al. 

2009; Liu et al. 2010; Beman et al. 2011; Kitidis et al. 2011; Gehlen et al. 2011; 

Currie et al. 2017) in marine realms, with a few related to microbial processes in the 

OMZs (Gilly et al. 2013; Paulmier et al. 2011). Hutchins et al. (2009), Beman et al. 

(2011) and Kitidis et al. 2011 studied select nitrogen cycling processes in response to 

ocean acidification. They observed an increase in nitrogen fixation rates accompanied 

with decrease nitrification rates and could possibly also favour N2 fixers in the OMZ 

waters (Deutsch et al. 2007; White et al. 2007). Heterotrophic and autotrophic 

bacterial processes (denitrification and nitrification) could co-exist, which otherwise 

were occurring at different depths (Paulmier et al. 2011) under high CO2 influence in 

the OMZs.  

 

1.3 Research gaps 

In view of the current global warming that is causing the OMZs to intensify, 

expand and making them more acidic (Keeling et al. 2010; Doney et al. 2012) and its 

consequences on pelagic biogeochemistry, there is a need to study the bacterial 

community and their functions in the water column of these regions. Even though the 
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northern Indian Ocean occupies 59 % of the total global OMZ area, it has been less 

explored in the field of microbiology. There has been a few and significant research 

contributing to bacterial diversity and their function in the global OMZs. While most 

advancements in methodology to decipher bacterial community have come from the 

international data than the national. Thus, it leaves scope in analysing bacterial 

diversity using current identification approaches (e.g., high throughput sequencing) in 

the open-ocean OMZs of the northern Indian Ocean. 

Further, research addressing spatial and depth-wise distribution patterns of 

prokaryotic communities has not been reported from the Indian Ocean OMZ. At the 

same time, not much is known about cultured bacterial diversity involved in 

significant processes of the OMZs such as nitrate-reduction and sulphur-oxidation 

(except for recent pelagic studies by Mulla et al. 2018 and Menezes et al. 2018) in the 

AS and BoB. In recent years microbial ecologists are utilising more effective and 

alternative ways to characterise microbial communities. Therefore, it is desired that a 

combination of techniques (culture-dependent and independent) is employed while 

investigating diversity, function and ecology of microorganisms from an 

environmental sample. 

 

1.4 Research objectives 

Taking into account all the research gaps, the present study has the following 

objectives: 

1. Characterisation of bacterial diversity (culturable and uncultivable) from the OMZs of 

the North Indian Ocean  

2. Investigating the role played by select microbial taxa from these communities with 

respect to Nitrogen and Sulphur cycle linkage 

3. Studying the influence of pH change on bacterial community shift using microcosm 

experiments 
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CHAPTER 2 

Investigating microbial diversity in the Arabian Sea and Bay 

of Bengal OMZs 

 

2.1 Introduction 

Microbial diversity refers to the coexistence of microorganisms in the same 

space and time, contributing to most of the diversity of life on earth (Begon et al. 

1986). Prokaryotes are one of the most abundant and diverse groups of organisms, 

accounting for 4–6 x 1030 cells (Whitman et al. 1998), with the prokaryotic cells 

distributed in the terrestrial subsurfaces (0.25-2.5 x 1030), soil (2.6 x 1029), open ocean 

(1.2 x 1029), and oceanic (3.5 x 1030). Three fundamental questions arise while 

assessing microbial diversity: 1) How many are there? 2) Who are there? 3) What are 

they doing? To address these questions, extensive research has been carried out with 

continues surveying and technological developments (Pedros-Alio, 2006) over the last 

few years. Concerning bacterial diversity, it can be assessed for both cultivable and 

uncultivable fractions and thus revealing taxonomic richness in the sampled 

environments. While culturing techniques estimate diversity and establish the identity 

of cultivable microorganisms at finer taxonomic resolution than the uncultivable ones, 

which are based on partial or rarely complete sequencing of the 16S rDNA 

(Srivastava et al. 2019). Its, however, evident that high-throughput amplicon 

sequencing has emerged as one of the popular techniques for gaining an in-depth 

understanding of microbial diversity in a given environmental sample. These 

sequencing techniques focus on hypervariable regions (V1-V9) with approximately 

50 to 100 bases of sequencing within the 16S rRNA gene for prokaryotic diversity. 

Although a marine microbial ecologist was among the first in implementing high-

throughput amplicon sequencing (Sogin et al. 2006), there remain quite a few oceanic 

realms which are yet to be explored and profiled at the molecular level for their 

microbial communities. Marine microbes are essential members of every marine 

ecosystem; the composition of their communities has implications for global 

biogeochemical cycling (Zinger et al. 2011). Marine environments such as oxygen 
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minimum zone (OMZ), harbour microbial communities that vary in their abundance, 

composition, and metabolic activities as a result of steep gradients in nutrient and 

energy availability. Low dissolved oxygen (DO) in the OMZ influences the microbial 

community in playing an active role in the cycling of carbon, nitrogen, sulphur and 

trace gases (Wright et al. 2012). Based on a combination of culture-independent 

approach and culture-dependent approach, the present study characterises the 

microbial diversity in the oxygen-deficient water bodies of the north Indian Ocean. 

 

2.2 Materials and methodology (Objective one - Characterisation of bacterial 

diversity (culturable and uncultivable) from the OMZs of the North Indian Ocean) 

 

2.2.1 Bacterial diversity using the culture-dependent method 

Water samples from the Arabian Sea (AS) and Bay of Bengal (BoB) open 

ocean OMZ (Figure 2.1) were collected during five cruises from the depths of surface 

to near bottom of the water column (Table 2.1). A total of 7 stations sampled from the 

AS-OMZ and 11 stations from the BoB-OMZ (Figure 2.1). A few stations were 

sampled twice/ thrice during consecutive cruises. Required volume of seawater was 

collected using a Conductivity-Temperature-Depth (CTD) rosette system fitted with 

24 Niskin bottle samplers (Seabird Electronics, Washington, USA) and mounted with 

an oxygen sensor (Seabird 43 DO sensor).  

Approximately 100–200 mL water from each depth was filtered onto a 0.22 

µm nitrocellulose membrane using the membrane filtration method (Goetz et al. 

1951). The 100 ml filtered membrane was placed onto organic media viz. DSMZ 113- 

Rhodospirillaceae Medium (RM), Nitrate agar, organic sulphur oxidising medium 

(SOM 2) and Zobell’s Marine Agar (ZMA). While 200 ml filtered membrane was 

placed onto inorganic media viz. Thiobacillus denitrificans medium (TDA), 

Thiosulphate mineral salt medium (TMSM), Mineral Basal salt Medium (MBM), 

Inorganic sulphur oxidizing medium (SOM 1). Less volume was chosen for organic 

media to obtain well-isolated colonies. Except for ZMA and Nitrate agar, the 

remaining media were modified to isolate sulphur oxidisers and/ nitrate reducers by 

amending with different sulphur and nitrogen source (Table 2.2). Control plates were 

maintained for all the media at each sampling station which contained a sterile 0.22 

µm nitrocellulose membrane. Culture media, including the control plates, were 
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inverted and incubated for 5 days to a month at 28ºC. Bacterial isolates once grown 

were sub-cultured onto their respective media to get well isolated pure colonies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

*Cruise name: SK- Sagar Kanya, SSD- Sindhu Sadhana. Station name: II- India’s Idea, ASTS- Arabian 

Sea time series station, BoBTS- Bay of Bengal time series station 

 

Figure 2.1. Map depicting sampling sites along with their station numbers in the 

Arabian Sea and Bay of Bengal OMZs.  

 

2.2.2 Molecular identification of bacterial isolates 

Total genomic DNA was extracted from the bacterial isolates using ZR 

Fungal/Bacterial DNA MicroPrep Kit, following manufactures protocol (Zymo 

Research, CA, catalogue no. D6005). The genomic DNA extracted was further used 

to amplify the 16S rRNA gene by polymerase chain reaction (PCR) with a universal 

primer pair (27F- AGAGTTTGATCMTGGCTCAG and 1492R- 

TACGGYTACCTTGTTACGACTT) (Lane, 1991). A PCR program of, initial 

denaturation step at 95ºC for 5 minutes; denaturation step at 95ºC for 1minute; 

annealing temperature of 54 ºC for 45 seconds elongation step at 72ºC for 1 minute 

and final elongation step at 72ºC for 10 minutes was run. Step 2, 3 and 4 were 

repeated for 35 cycles. 

The amplicons were purified using a PCR clean-up system (Promega 

Corporation, US). They were then bi-directionally sequenced using Genetic Analyser 
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3130xl (Applied Biosystems, USA) by the big dye terminator version 3.1 (chain 

terminator) chemistry. The raw sequences obtained in .ab1 file format was analysed 

using DNA Baser (sequence assembly software), where low-quality regions were 

trimmed, contigs were assembled and saved in FASTA file format. NCBI GenBank 

database was used for the similarity search of the sequences obtained using BLASTn 

tool (Altschul et al. 1990). The partial 16S rRNA gene sequences of the bacterial 

isolates in this study have been submitted to the NCBI GenBank database (Table 2.3). 

Evolutionary analysis was conducted in MEGA X software (Kumar et al. 2018) with 

reference sequences type strains retrieved from EzBioCloud database. The 

phylogenetic trees were constructed location-wise using all the submitted sequences 

and with an outgroup sequence of Aquifex pyrophilus. The evolutionary distance was 

computed using the maximum likelihood method based on 500 bootstrap re-sampling. 

 

Table 2.1. Sampling details of culture-dependent studies 

Cruise 
Sampling 

area 
Depth Media  

SK079 (March 

2015), SSD012 

(June 2015) and 

SSD026 (October 

2016)  

Arabian 

Sea 
40 m – 3000 m 

Thiobacillus denitrificans medium 

(TDA), Thiobacillus isolation medium-

Mineral salt medium (TMSM), 

Rhodospirillaceae medium (RM), 

Inorganic sulfur-oxidising medium 

(SOM)1, Organic sulfur-oxidising 

medium (SOM2), Mineral basal salt 

medium (MBM) and Zobell marine agar 

(ZMA) 

SSD005 

(November 2014) 

and SSD020 

(March 2016) 

Bay of 

Bengal 
35 m –2100 m 

Thiobacillus denitrificans medium 

(TDA), Thiobacillus isolation medium-

Mineral salt medium (TMSM), 

Rhodospirillaceae medium (RM), 

Inorganic sulfur-oxidising medium 

(SOM1), Organic sulfur-oxidising 

medium (SOM2), Mineral basal salt 

medium (MBM), Nitrate agar (NA) and 

Zobell marine agar (ZMA) 
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Table 2.2. Details of the agar media used for isolation of bacterial isolates 

  

 

 

 

 

 

 

Table 2.3. Cruise wise GenBank accession numbers of partial 16Sr RNA gene sequences 

Sr. no Media Nitrogen/Sulphur sources Reference 

1 Thiobacillus isolation medium-Mineral salt 

medium (TMSM) 

Sodium sulphide, Potassium nitrate Kantachote and Innuwat, 2004 

2 Mineral basal salt medium (MBM) Sodium sulphide, Sodium nitrate Kodama and Watanabe, 2003 

3 Rhodospirillaceae medium (RM) Sodium sulphide DSMZ medium 27, DSMZ 2007 

4 Inorganic sulfur-oxidising medium (SOM1) Sodium thiosulphate Behera et al. 2014 

5 Organic sulfur-oxidising medium (SOM2) Sodium thiosulphate Behera et al. 2014 

6 Thiobacillus denitrificans medium (TDM) Sodium sulphide, Potassium nitrate Kantachote and Innuwat, 2004 

Cruise number Accession number 

SK 079 

KY604764, KY604767, KY604768, KY604774, KY604778, KY604782, KY604783, KY604785, 

KY604790, KY604792, KY604793, KY604805, KY604809, KY604810, KY604814, KY604815, 

KY604822- KY604824, KY604828, KY604836, KY604837 

SSD012 KY606617- KY606624, KY606648-KY606660, KY606674- KY606682 

SSD026 MH254947- MH255261 

SSD005 KY604891- KY604899, KY604900- KY604947 

SSD020 KY616177- KY616561 
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2.2.3 Bacterial diversity using a culture-independent method 

2.2.3.1 Sampling details  

Seawater samples were collected during two successive transact of the 

Research Vessel Sindhu Sadhana at two stations in the AS (cruise no. SSD026) and 

one station in the BoB (cruise no. SSD020) (Figure 2.1). Six depths were analysed at 

three stations; two sites in the AS [Arabian Sea Time Series Station (ASTS) and 

India’s Idea 2 (II2)] and one in the BoB [Bay of Bengal Time Series Station 

(BoBTS)] (Table 2.4). Water samples were collected using a CTD rosette system 

fitted with 24 Niskin bottle sampler (Seabird Electronics, Washington, USA) and 

attached with an oxygen sensor (Seabird 43 DO sensor). Ten litres seawater was 

filtered from each Niskin bottle through 0.22 μm sterivex filters (Millipore, USA) 

with a peristaltic pump. DNA storage buffer (40 mM EDTA, 50 mMTris (pH 8.3), 

and 0.75 M sucrose) was added in each filter cartridge and stored at -80 °C till the 

samples were processed in the laboratory. Sampling depths were chosen based on the 

oxygen profile which included a combination of standard depths viz. surface, four 

depths within O2 minima [upper interphase (upper OMZ), core OMZ 1, core OMZ 2, 

lower interphase (lower OMZ)] and near bottom. Nitrate and Nitrite were measured 

by chemical oceanography department at CSIR-National Institute of Oceanography, 

Goa, India. The frozen samples were analysed using Skalar Autoanalyser (Skalar 

Analytical, the Netherlands) (Grasshoff et al. 1983). 

 

 Table 2.4. Sampling depths for culture-independent studies at the sampled stations 

Levels 
Arabian Sea Bay of Bengal 

II2 depths (m) ASTS depths (m) BoBTS depths (m) 

Surface 30 40 81 

Upper OMZ 82 150 150 

Core OMZ 1 110 350 250 

Core OMZ 2 160 500 390 

Lower OMZ 201 1000 530 

Near bottom 3000 3000 2100 

 

2.2.3.2 Study area description and location 
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The three sampling sites are located in the deep open ocean oxygen minimum 

zone region (Figure 2.1). BoBTS (Longitude: 89.01749 °E, Latitude: 18.002728 °N, 

water depth: 2230m) is located in the northeastern BoB. This region has been reported 

as an OMZ accompanied by possible reducing conditions (Deuser, 1975; Sarma et al. 

2013; Bristow et al. 2017) and receives most of its nutrients through fluvial inputs, 

with an annual nutrient supply (dissolved silicate) of 133×109 mol/ year (Sarin et al. 

1989). ASTS (Longitude: 68.005768 °E, Latitude: 16.997341 °N, water depth: 3535 

m) and II2 (Longitude: 67.999901 °E, Latitude: 9.000113 °N, water depth: 4530 m) 

are located in AS. ASTS is located within the permanent oxygen minimum region in 

the central AS in contrast to II2 which is located southward beyond the boundary of 

intense oxygen minima (Naqvi and Shailaja, 1993; Naqvi, 1991; Naqvi et al. 2006b). 

A northward intensification of the OMZ and reducing conditions at mid-depths is 

reported in the AS due to poor subsurface water mixing and increased primary 

productivity (Wyrtki, 1973; Naqvi, 1991; Naqvi et al. 1998). 

 

2.2.3.3 DNA extraction, library preparation and sequencing 

The filter papers containing the residue, obtained from 18 samples, were 

shredded and placed into their respective MoBio PowerWater bead tubes for genomic 

DNA extraction using MoBio PowerWater DNA isolation kit (MoBio Laboratories 

Inc., USA). Six DNA samples obtained from BoBTS during the SSD020 cruise were 

vacuum dried in a vacuum concentrator (Eppendorf, Germany) and outsourced to 

Genotypic Technology Pvt. Ltd., Bangalore, India for sequencing using Illumina 

NextSeq 500 instrument. The V3 region-specific targeting proprietary primers of the 

16S rRNA gene, were used to prepare the targeted gene libraries at Genotypic 

Technology Pvt. Ltd., Bangalore, India. A total of 50 ng genomic DNA was used to 

amplify the 16S rRNA gene V3 hypervariable region. Primer concentrations of both 

forward and reverse were kept at 0.2 µM. To validate the PCR, positive and non-

template control samples were run along with the samples. The round 1 PCR 

amplicons were visualised on 1.2 % agarose gel. A round 2 PCR was run that 

consisted of indexing round 1 amplicon. The Illumina sequencing barcoded adaptors 

(Nextera v2 Index Kit, Illumina, USA) were added during the Round 2 PCR by 

amplifying round 1 PCR amplicons for 8–10 cycles. The Illumina Adapter Sequences 

were: 5’AATGATACGGCGACCACCGAGATCTACAC (i5) 
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TCGTCGGCAGCGTC and 5’- CAAGCAGAAGACGGCATACGAGAT (i7) 

GTCTCGTGGGCTCGG. The amplicons of round 2 PCR were checked on 1.2 % 

agarose gel. Similarly, twelve DNA samples from the cruise SSD026 were outsourced 

to Eurofins Genomics India Pvt. Ltd., Bangalore, India for sequencing using Illumina 

MiSeq instrument. A total of 50 ng of genomic DNA was amplified with 16S rRNA 

gene V3–V4 region-specific primers (F- GCCTACGGGNGGCWGCAG; R- 

ACTACHVGGGTATCTAATCC). Control samples (Positive and non- template) 

were run to validate PCR and the samples were analysed on 1.2 % agarose gel. 

Nextera XT Index Kit (Illumina inc.) was used for library preparation by following 

metagenomic sequencing library preparation protocol (Part # 15044223 Rev. B). 

Round 2 PCR was carried out to amplify the 16S rRNA gene, targeting V3–V4 

regions specific for bacteria. The Illumina sequencing barcoded adaptors (Nextera v2 

Index Kit, Illumina, USA) were added during the Round 2 PCR by amplifying round 

1 PCR amplicons. Round 2 PCR amplicons were visualised on 1.2 % agarose gel. The 

amplicon library was purified by 1X AMPureXP beads and quantified using Qubit 

fluorometer. The amplified libraries were analysed in 4200 Tape Station system 

(Agilent Technologies) using D1000 Screen tape as per manufactures instructions. 

 

2.2.3.4 Sequence analysis 

Demultiplexing of paired-end reads for V3 (2*150), and V3–V4 (2*300) 

fragments were performed using the bcl2fastq1 tool, and quality checked using 

FastQC (Andrews, 2010). The raw reads constituting the primer sequence and high-

quality bases were selected and stitched using Fastq- join3, which were further 

analysed using Quantitative Insights in Microbial Ecology (QIIME) pipeline 

(Caporaso et al. 2010). Sequences generated from each sample were clustered into 

operational taxonomic units (OTUs) using uclust module at 97 % sequence similarity 

with each resulting cluster representing a species. 16S rRNA database; Silva version 

132 (Quast et al. 2013) was used at 97 % sequence similarity to assign the taxonomy. 

The biom file generated was analysed to create visualisation plots. The raw 16S rRNA 

gene sequence data files were submitted to the NCBI sequence read archive (SRA) 

under BioProject ID PRJNA508851. 

 

2.2.3.5 Statistical Analysis 
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QIIME platform was used to calculate alpha diversity indices (OTU richness, 

Chao-1, Simpson and Shannon diversity). R studio V3.5.1 (R Core Team, 2015) was 

used to construct hierarchical clustering based on Euclidian similarity index, 

computed using gplots, heatmap.plus and RColorBrewer packages (Day, 2012; 

Neuwirth, 2014). Beta diversity was calculated at the class level between the 3 sites 

(ASTS. II2 and BoBTS) using non-metric multidimensional scaling analysis (NMDS) 

separating the samples into abundance-weighted community composition, based on 

Bray-Curtis distance using Phyloseq package (Mc Murdie and Holmes, 2013). 

Bacterial community dynamics at the generic level along with 6 environmental 

variables (Temperature [̊C], salinity [PSU], pH, dissolved oxygen [μM], nitrate [μM] 

and nitrite [μM]) were analysed using canonical correspondence analysis (CCA) at 

sampled sites ASTS, BoBTS and II2 in Past-3 software V3.23 (Hammer et al. 2001).  

 

2.3 Results and discussion 

2.3.1 Culture-dependent bacterial community 

Oxygen minimum zones around the global ocean play a significant role in 

controlling the productivity and ecological community structure (Deutsch et al. 2007). 

The facultative bacteria experience varying biochemical changes from the oxic and 

anoxic conditions in the water column, which results in switching the utilisation of 

alternate electron acceptors (Richard, 1965). This regulation is governed by the 

uptake of alternative respiratory substrates (which include nitrate (NO3), nitrite (NO2), 

manganese (Mn), iron (Fe), sulfate (SO4) or carbon dioxide (CO2)) other than O2 by 

the microbial groups in these O2 deficient sites (Zehnder and Stumm, 1988). The 

stations that were sampled spanned around the central open-ocean AS and the north of 

the BoB which are demarcated as zones of intense sub-surface OMZs throughout the 

year (Naqvi et al. 2000; Naqvi et al. 2006b; Sarma et al. 2016). The depth profiles at 

each station during the cruises show low oxygen concentration (<20 μM) at mid-

depths while surface and near-bottom depths were well-oxygenated (Figure 2.2). 

Thus, indicating a typical oxygen profile of an OMZ in the open-ocean. The cultured 

bacterial isolates were obtained by employing organic and inorganic culture media. It 

resulted in the recovery of 378 and 268 bacterial isolates from all sampled depths of 

the AS and BoB-OMZs stations, respectively. On comparing between organic media 

(Nitrate agar, RM, SOM2 and ZMA) and inorganic media (MBM, SOM1, TDM and 
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TMSM) there seemed no particular trend that could result in favouring maximum 

recovery of isolates using these set of media. However, RM that was supplemented 

with sodium sulphide as a source of sulphur-oxidant showed maximum recovery of 

isolates from the AS (Figure 2.3a). While TDM that was supplemented with sodium 

sulphide and potassium nitrate as a source of sulphur-oxidant and nitrate-reductant 

respectively showed maximum recovery in the BoB sampling sites (Figure 2.3b). 

Although ZMA which is a standard media designed to grow heterotrophic marine 

bacteria abundantly (Sizemore and Stevenson, 1970; Weiner et al. 1985) showed 

lower or comparatively similar recovery of isolates as those observed on other 

amended media. Thus, it was evident that relying on a general culture media would 

not necessarily isolate maximum culturable population. However, using a range of 

media to select specific groups of bacteria from the environment of interest could lead 

to improved recovery of bacterial isolates from that habitat.  

The bacterial isolates from the AS grouped into four phyla, namely, 

Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria. The recovery of these 

four phyla could probably be biased due to the culturing approach, which has been 

referred to as the ‘Big four’ being the readily cultivable bacterial groups (Hugenholtz, 

2002). Thus, recovery of Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria 

could indicate a high recovery of culturable fraction from the sampled OMZ region in 

this study. Although earlier reports have shown cultured representatives of 

Actinobacteria, Firmicutes and Proteobacteria in these sampled regions it has been 

confined to isolates belonging to a specific group of nitrate-reducers rather than a 

community analysis (Mulla et al. 2018). In contrast the isolates obtained from the 

BoB sampling sites grouped into three phyla namely, Actinobacteria, Firmicutes and 

Proteobacteria.  

Most of the bacterial isolates clustered as γ-Proteobacteria at AS (80.3 %) and 

BoB-OMZ (78.7 %), along with the less dominant groups at class-level, including 

Actinobacteria (3.8 %), α-Proteobacteria (12.1%), Bacilli (0.8 %), β-Proteobacteria 

(0.8 %) and Flavobacteriia (2.2 %) from the AS and Actinobacteria (0.37 %), α-

Proteobacteria (14.9 %), Bacilli (5.2 %) and β-Proteobacteria (1.1 %) from BoB 

(Figure 2.4 and 2.5). Irrespective of techniques used (culture dependent or 

independent) the OMZ in the northern Indian Ocean has dominated with 

Proteobacteria in particular γ-Proteobacteria (Fuchs et al. 2005; Bandekar et al.2018; 
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Mulla et al. 2018; Sanz-Sáez et al. 2019). The γ-Proteobacteria is not only widely 

spread over the India Ocean but also representatives of this group harbour nitrate-

reduction gene nasA, that encodes an enzyme catalysing the conversion of nitrate 

(NO3
−) to nitrite (NO2

−) (Jiang and Jiao, 2016). Thus, showing potential interest in 

nitrite-rich waters of the OMZs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Cruise-wise dissolved oxygen depth profile (DO) along the sampled 

stations, the contours show the DO concentrations 
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Figure 2.2. Continued. Cruise-wise dissolved oxygen depth profile (DO) along the 

sampled stations, the contours show the DO concentrations 

 

 

 

 

 

 

 

 

Figure 2.3a Total number of isolates obtained from each media sampled during 3 

cruises in the Arabian Sea (AS) 
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Figure 2.3b Total number of isolates obtained from each media sampled during 2 

cruises in the Bay of Bengal (BoB) 

 

The isolates were further grouped into genera-level, which showed a total of 43 

bacterial genera and 90 species from the AS. While 19 bacterial genera and 44 species 

were identified from the BoB (Figure 2.6). Halomonas, Idiomarina, Marinobacter, 

Nitratireductor, Pseudoalteromonas, and Pseudomonas were the dominant cultivable 

bacterial genera recovered from AS and BoB. Among the dominant genera 

Idiomarina, Marinobacter and Pseudoalteromonas belong to the order 

Alteromonadales. Bandekar et al. 2018 reported the presence of Alteromonadales in 

the AS-OMZ and it contributed 9 to 42% of the total bacterial community. It was also 

observed to be present seasonaly during the spring inter-monsoon, fall inter-monsoon, 

and northeast monsoon in the AS. The abundance and occurrence of Alteromonadales 

in the AS-OMZ is suggested to play an active role in nitrate mediated energy 

generation in these nitrate-rich waters and are capable of thriving in microaerophilic 

conditions (Bandekar et al. 2018; Mulla et al. 2018). Since the AS and BoB-OMZ 

experience increased amounts of sinking particulate organic matters in the water, 

Alteromonadales could participate in active degradation processes (Ramaiah et al., 

2005). While among the dominant isolates recovered during this study members of 

Halomonas, Idiomarina, Marinobacter and Pseudoalteromonas have been 

represented as potential nitrate-reducers in the AS-OMZ (Mulla et al. 2018). 
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The isolates at species level identified tentatively against NCBI database were 

segregated based on DO concentrations in the water column of the AS and BoB 

(Table 2.5). A total of 35 and 25 unique isolates were recovered within the OMZ of 

the AS and BoB respectively. Although it would be incorrect to conclude that these 

unique isolates were only present within the OMZ due to culture biases. Their 

presence at low DO (≤ 20 μM) layers could participate as potential candidates in 

utilising alternate energy sources other than O2. 
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Figure 
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β-Proteobacteria 

γ-Proteobacteria 

Figure 2.4. Phylogenetic analysis of bacterial isolates (partial 16S rDNA sequences) 

isolated from the AS-OMZ water column, inferred from Maximum Likelihood analysis 

using MEGA X software 
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Figure 2.5. Phylogenetic analysis of bacterial isolates (partial 16S rDNA sequences) 

isolated from the BoB-OMZ water column, inferred from Maximum Likelihood 

analysis using MEGA X software
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Figure 2.6. Pie chart depicting cultured bacteria at genera-level obtained from AS and 

BoB 
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Table 2.5. Total isolates represented from photic, OMZ and bathypelagic depths of the vertical water column at AS and BoB. 

 
Legend: AS (Arabian Sea), P (Photic), O (OMZ), B (Bathypelagic),  

* all isolates under the OMZ group were isolated from DO concentrations ≤ 20 μM, the isolates highlighted in blue are unique to the OMZ 
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Table 2.5. Continued. Total isolates represented from photic, OMZ and bathypelagic depths of the vertical water column at AS and BoB 

 
Legend: AS (Arabian Sea), P (Photic), O (OMZ), B (Bathypelagic),  

* all isolates under the OMZ group were isolated from DO concentrations ≤ 20 μM, the isolates highlighted in blue are unique to the OMZ 
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2.3.2 Culture-independent bacterial diversity 

2.3.2.1. Hydrographic physicochemical parameters  

The physicochemical parameters of water at ASTS, II2 and BoBTS (Table 

2.6) showed a temperature decrease with increasing depths. The highest temperature 

recorded in the AS was 28.5 °C and in the BoB it was 27.8 °C at the surface waters. 

Higher salinity was observed at a surface sampled depth of ASTS (36.9 PSU) and II2 

(36.5 PSU) than BoBTS (34.1 PSU). The difference of salinity at BoBTS than ASTS 

and II2 is mainly speculated due to higher volumes of river run-off in BoB (1.6 × 1012 

m-3 yr-1) as compared to AS (0.3 × 1012 m-3 yr-1), accompanied with excessive 

evaporation over precipitation in AS, leading to surface waters experiencing 3-7 PSU 

less salinity at the BoB (Prasanna Kumar et al. 2002). The depth profile of dissolved 

oxygen (DO), nitrite (NO2), and nitrate (NO3) at ASTS, II2, and BoBTS are shown in 

Figure 2.7. Dissolved oxygen (DO) profile at ASTS and BoBTS is typical of an OMZ, 

i.e., the surface and near-bottom depths are well-oxygenated. While the sub-surface 

depths showed low oxygen concentration (Table 2.6), with 350 m and 250 m 

depicting the lowest DO values among the sampled depths at ASTS and BoBTS, 

respectively. DO at II2 station was well above the defined OMZ concentration (>20 

µM) with an exception at 160 m (3.2 µM). Results show consistency with previously 

measure DO values in the Indian Ocean OMZs (Bristow et al. 2017; Bandekar et al. 

2018; Mulla et al. 2018), where ASTS exhibits acute oxygen minima conditions at 

mid-depths than the BoB (BoBTS), and II2 having oxygen values above the defined 

threshold (<20 µM). Surface layers at the sampled stations exhibited low nitrate 

concentration, whereas higher values were recorded within the OMZ and near bottom 

depths. Studies in these regions have suggested that the source of nitrate availability 

in the surface waters is mainly governed by water mixing, diffusion from the nitrate-

rich deep ocean reservoir and the rate of biological production. Since AS and BoB 

support comparatively high levels of primary productivity in the northern Indian 

Ocean, leading to consumption of surface nitrate concentrations (Qasim, 1999). 

Bacterial decomposition replenishes nitrate below the euphotic zone, thus increasing 

nitrate concentration in deeper depths (Zehr and Ward, 2002). Nitrite accumulation 

was evident only at 350 m (1.44 µM) at ASTS, while consistently low values were 

observed within 82–201 m depths at II2. However, at BoBTS nitrite was below 

detectable limits along the sampled depths, with an exception at 81 m. The lack of 
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visible nitrite in the BoB during this study then those previously reported could be due 

to temporal changes. As BoBTS has witnessed secondary nitrite during the north east 

monsoons (Bristow et al. 2017) while this present study was carried out during the 

post north east monsoons. Higher nitrite values observed along with low DO make the 

environment conducive for biological processes such as denitrification, annamox, 

nitrate reduction and DNRA. Such conditions of high nitrite accompanied by low DO 

were observed at ASTS (at 350 m depth) suggesting a possible occurrence of bacterial 

community governing such biological processes (De Sousa et al. 1996). While II2 and 

BoBTS observed high nitrite concentrations in the surface waters, which could be a 

potential driver for nitrification processes (De Sousa et al. 1996). 

 

2.3.2.2. Bacterial community composition  

The amplicons sequenced using Illumina sequencing identified 1249–3298 OTUs in 

the 18 libraries, with the number of OTUs varying along the dissolved oxygen (DO) 

concentration in the water column (Table 2.6). The rarefaction curves with a cut off 

value of 97% were bent towards a saturation plateau, indicating that the sampling 

sizes were sufficient (Figure 2.8). The Chao-1, Shannon, and Simpson indices ranged 

from 1517–4712, 5.92–7.48 and 0.919–0.985, respectively. The OTU richness, Chao-

1 and Shannon indices were low at surface depths (II2 - 30 m, ASTS - 40 m and 

BoBTS - 81 m) and in the core OMZ depths (II2 - 160 m, ASTS - 350 m and BoBTS 

- 250 m) (Table 2.6). BoBTS showed higher Chao-1 index than ASTS and II2, 

depicting the presence of higher singletons/ rare OTUs in the BoBTS samples. High 

OTU richness and diversity (H) at suboxic transition zones and near-bottom depth in 

contrast to the surface and within the core OMZ were also witnessed in a seasonal 

OMZs of Eastern Tropical South Pacific (ETSP) and Saanich Inlet (Zaikova et al. 

2010; Bryant et al. 2012). While prior diversity studies in the AS showed differing 

results, with higher OTU diversity in the core OMZ than the surface waters and upper 

OMZ (Jain et al. 2014; Bandekar et al. 2018), this difference could have raised due to 

molecular identification biases. However, Bryant et al. (2012) speculated lower redox 

potentials and less readily available organic matter conditions in the core OMZ, 

makes this region low in energy availability and thus the cause of reduced microbial 

richness. Compared to previous reported studies, higher OTU richness was recovered 
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at ASTS and BoBTS, aided by high throughput sequencing in the present study. 

(Table 2.7). 

Fifty-two bacterial phyla were identified from the samples (Figure 2.9). The 

phylum Proteobacteria represented 42.35- 68.57% and thus dominated in all the 

samples. Cyanobacteria and Bacteroidetes were more prominent above the OMZ and 

decreased drastically to < 1% within OMZ and near bottom depths in all samples. 

However, Marinimicrobia (formerly known as clade SAR406 and Marine Group A) 

and Chloroflexi were observed at deeper depths. Actinobacteria was consistent 

throughout the sampled water column. The dominance of these phyla/OTUs identified 

in the AS and BoB-OMZ, were similar to those identified from the permanent pelagic 

open ocean OMZs including the Indian Ocean (Ulloa et al. 2013). 

The relative abundance of the taxa belonging to the phylum Planctomycetes, 

were higher in the AS-OMZ waters (ASTS and II2) in comparison to BoB-OMZ 

(BoBTS). Among the 52 phyla identified 16 phyla viz. Aerophobetes, Atribacteria, 

BRC1, CK-2C2-2, Dependentiae, Hydrogenedentes, Latescibacteria, LCP-89, 

Marinimicrobia (SAR406 clade), Nitrospinae, Omnitrophicaeota, PAUC34f, 

Poribacteria, WPS-2, WS2, Zixibacteria are reported to be uncultivable/ candidate 

phyla in ARB-Silva database, Ribosomal database and NCBI database (Kirkegaard et 

al. 2016). Within the uncultivable microbial diversity, Marinimicrobia (SAR406 

clade) was the most dominant phylum in the water column accounting for 2–22%. 

Marinimicrobia displays depth-dependent changes in abundance, peaking below the 

surface depths i.e., near the upper interphase of the OMZ depths which has also been 

observed in the Atlantic and Pacific Oceans (Gordon and Giovannoni, 1996; Zaikova 

et al. 2010). 16S rRNA gene surveys conducted in a permanent and seasonal OMZs 

reported a high abundance of this uncultivable bacterial clade. Marinimicrobia was 

mainly distributed along the oxycline and anoxic core of the water column (Allers et 

al. 2013). This clade has the potential to use sulphur compounds as energy sources via 

respiration of polysulfide to hydrogen sulphide or by dissimilatory oxidation of 

hydrogen sulphide. It was thereby suggested a role in reduction, or possible oxidation, 

of reduced sulphur compounds (Wright et al. 2014). 
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Table 2.6. Data tabulation of physical factors and prokaryotic diversity estimates (at 97% similarity) for water collected from II2, ASTS and 

BoBTS using CTD profiler instrument 

Sampling 

station 

Water 

depth (m) 

Dissolved 

oxygen (µM) 

Temperature 

(⁰C) 

pH Salinity 

(PSU) 

OTUs Chao-1 Shannon (H) Simpson_1-D 

II2 30 201 28.5 8.08 36.5 1249 1724 5.92 0.951 

82 197 28 8.07 36.6 1692 2263 6.87 0.974 

110 24.6 23.7 7.71 36 1560 2030 7.01 0.980 

160 3.17 17.5 7.52 35.5 1427 1884 7.02 0.984 

201 34.5 15 7.55 35.3 1457 1821 7.24 0.985 

3000 157 1.8 7.58 34.7 1808 2470 7.20 0.974 

ASTS 40 204 28 8.08 36.9 1347 1841 5.97 0.956 

150 8.84 18.6 7.58 35.7 1792 2367 7.48 0.985 

350 0 13.7 7.48 35.7 1131 1517 6.30 0.971 

500 1.34 12.2 7.49 35.6 1328 1662 6.14 0.919 

1000 8.57 8.5 7.44 35.3 1646 2187 6.70 0.954 

3000 123 1.8 7.56 34.7 1848 2303 6.75 0.968 

BoBTS 81 156 27.8 7.85 34.1 1881 2638 5.78 0.952 

150 1.21 17.3 7.53 34.9 3233 4712 7.06 0.975 

250 0.62 12.5 7.45 35 1816 2504 5.88 0.957 

390 2.23 10.9 7.44 35 2256 3245 6.00 0.951 

530 4.82 9.8 7.44 35 2720 3640 6.67 0.969 

2100 121 2.4 7.82 34.8 3298 4455 6.71 0.972 
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Figure 2.7. Vertical of dissolved oxygen (DO), nitrate (NO3) and nitrite (NO2) concentrations from sampled depths at A) ASTS, B) II2 and C) 

BoBTS. 
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Table 2.7. A comparative representation of metagenomic techniques used to obtain observed OTUs in the water column 

from ASTS and BoBTS OMZ locations  

a. spring intermonsoon (SIM), b. fall intermonsoon (FIM) c. northeast monsoon (NEM), d. deep chlorophyll max (DCM) 

 

Location Quantity of 

water 

sampled (L) 

Technique 

used 

Seasons 

Sampled 

Number of OTUs observed at sampled depths  

 

Reference 

Surface OMZ Near bottom 

Arabian Sea, 

ASTS (17.0021 

°N, 67.9962 °E) 

 

2.5 

 

DGGE 

 0.5 m 43/50 m 250 m 500 m 1000 m -  

Jain et al. 2014 SIMa 8 10 6 6 7  

FIMb 7 8 7 5 5  

NEMc 9 9 7 6 4  

Arabian Sea, 

ASTS (17.0021 

°N, 67.9962 °E) 

 

2.5 

16S rRNA 

gene clones 

 5 m DCMd  250 m 500 m 1000 m -  

Bandekar et al.  

           2018 
SIMa 7 7 12 14 11  

FIMb 7 9 8 9 11  

NEMc 5 7 11 12 12  

Bay of Bengal, 

BoBTS (18.0027 

°N, 89.0174 °E)  

 

 

5 

Illumina 

NextSeq V3 

hypervariable 

amplicons 

 

One-time  

sampling 

43 m - 200 m - 1000 m -  

Fernandes et al.  

           2019 
 

2547 

  

3431 

  

4103 

 

 

Arabian Sea, 

ASTS 

(16.997341 °N, 

68.005768 °E) 

 

10 

Illumina 

Miseq V3-V4 

hypervariable 

amplicons 

 

One-time 

sampling 

40 m 150 m 350 m 500 m 1000 m 3000 m  

 

 

 

 

Present study 

 

 

1347 

 

1792 

 

1131 

 

1328 

 

1646 

 

1848 

Arabian Sea, 

II2 (9.000113 

°N, 67.999901 

°E) 

 

10 

Illumina 

Miseq V3-V4 

hypervariable 

amplicons 

 

One-time 

sampling 

30 m 82 m 110 m 160 m 201 m 3000 m 

 

1249 

 

1692 

 

1560 

 

1427 

 

1457 

 

1808 

Bay of Bengal, 

BoBTS (18.0027 

°N, 89.0174_°E) 

 

10 

Illumina 

NextSeq V3 

hypervariable 

amplicons 

 

One-time 

sampling 

81 m 150 m 250 m 390 m 530 m 2100 m 

 

1881 

 

3233 

 

1816 

 

2256 

 

2720 

 

3298 
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Figure 2.8. Rarefaction curves of the six sampled depths at A) ASTS, B) II2 and C) 

BoBTS  

 

Hierarchical clustering of the heatmap, based on Euclidian similarity index at 

the class level of bacterial communities at ASTS (Figure 2.10A) showed a relatively 

high abundance of γ-Proteobacteria and α-Proteobacteria. The OMZ depths of 150 m, 

350 m and 500 m clustered together depicting similar bacterial communities. While at 

40 m the bacterial communities differed from the other sampled depths, thus showing 

an outgroup. Most of the reads at class level were affiliated to the order 

Alteromonadales (γ-Proteobacteria) and SAR11 clade (α-Proteobacteria). At station 

II2 (Figure 2.10B) in the AS, the heatmap shows the clustering of surface depths (30 

m and 82 m) and the mid-OMZ depths cluster together. SAR86 and SAR11 clade of 

the class γ-Proteobacteria and α-Proteobacteria respectively were dominant. The 

surface depths had relatively high abundance of Oxyphotobacteria, mostly contributed 

by the Synechococcales. Hierarchial cluster analysis of BoBTS samples (Figure 

A                                                                                 B 

 C 
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2.10C), showed the most abundant class of bacteria belonged to α-Proteobacteria, δ-

Proteobacteria, and γ-Proteobacteria. Cluster analysis separated the core-OMZ depths 

(250 m and 390 m) from the upper and lower OMZ interphase (150 m and 530 m) 

depths. At orders level, the relative abundance showed dominance of SAR11 clade (α-

Proteobacteria), SAR324 clade (Marine group B) (δ -Proteobacteria), and 

Thiomicrospirales (γ- Proteobacteria). The hierarchical clustering analysis based on 

Euclidian similarity index showed a depth-wise difference and thus suggested unique 

community structure in the surface waters than the bottom sampled depths. Studies in 

the ETSP OMZ also reported depth-dependent microbial community difference 

showing community variance from the OMZ depths to that of the surface (Bryant et 

al. 2012; Stewart et al. 2012). These oxic and suboxic waters showed high numbers of 

taxa affiliated to SAR11 cluster (α-Proteobacteria), which has often been observed 

also at the Pacific and Atlantic OMZs contributing to much of the microbial 

community (Tsementzi et al. 2016; Ulloa et al. 2013). Additionaly, the culture-

independent approach identified the class δ -Proteobacteria. The taxa of this class 

could not be isolated using the culture-dependent method in the present study. 

However, it was observed that the amplicon sequences identified at genera level of δ -

Proteobacteria were represented by uncultured bacteria. 

 

2.3.2.3. Archaeal community composition  

Most archaeal studies from the AS and BoB water column include reports on the 

ammonia-oxidising community (Pitcher et al. 2011; Wang et al. 2017) with a few 

studies highlighting the presence of archaeal community in the north Indian Ocean 

OMZ (Bandekar et al. 2018; Fernandes et al. 2019). The off Costa Rica-OMZ and 

ETSP-OMZ reported the presence of ammonia-oxidising archaea (Molina et al. 2010) 

along with the total archaeal community (Belmar et al. 2011) contributes to high 

archaeal diversity within the core-OMZ depths (Xia et al. 2017). Similar trends were 

observed in the present study at the core-OMZ depths (ASTS- 350 m, II2- 160 m, and 

BoBTS- 250 m) of the northern Indian Ocean when compared to the surface and near-

bottom oxic zones (Table 2.8). Füssel (2014) had suggested that the co-occurrence of 

aerobic and anaerobic processes in the suboxic depths of the water column explains 

the high archaeal diversity at these zones. 
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The archaeal community at ASTS, II2 and BoBTS locations were dominated 

by the phylum Euryarchaeota along the vertical depths of the water column. The 

Euryarchaeota was also reported to be present throughout the water column of ETSP 

and AS-OMZ (Belmar et al. 2011; Bandekar et al. 2018). Compaired to previous 

reports in the Indian Ocean OMZ, the current study identified additional dominant 

phyla viz. Crenarchaeota, Diapherotrites, Nanoarchaeota, and Thaumarchaeota. At 

ASTS and II2 stations, the archaeal groups at class level showed a relatively high 

abundance of Nitrososphaeria and Thermoplasmata, followed by less dominant 

Bathyarchaeia, Crenarchaeota Incertae sedis, Group 1.1c, Halobacteria, Marine 

Benthic Group A, Methanobacteria, Micrarchaeia, Thermococci and Woesearchaeia 

(Figure 2.11). 

 . 
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Figure 2.9. Bar graph depicting the depth-wise distribution of bacterial phyla at ASTS, II2 and BoBTS inferred through 

amplicon sequencing of 16S rRNA gene 
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Figure 2.10. Heatmap generated using the relative abundance of bacteria at phyla_class level. The heatmap scale displays 

the row Z score value, positive Z scores indicate values above the mean and vice-versa. The scaled data is converted into 

colours. Hierarchal clustering is based on the relative similarity index calculated using > 0.01% relative abundance at class 

level at: (A) ASTS (B) II2 (C) BoBTS 
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Figure 2.10. Continued. Heatmap generated using the relative abundance of bacteria at phyla_class level. The heatmap 

scale displays the row Z score value, positive Z scores indicate values above the mean and vice-versa. The scaled data is 

converted into colours. Hierarchal clustering is based on the relative similarity index calculated using > 0.01% relative 

abundance at class level at. (A) ASTS (B) II2 (C) BoBTS 
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Figure 2.10. Continued. Heatmap generated using the relative abundance of bacteria at phyla_class level. The heatmap 

scale displays the row Z score value, positive Z scores indicate values above the mean and vice-versa. The scaled data is 

converted into colours. Hierarchal clustering is based on the relative similarity index calculated using > 0.01% relative 

abundance at class level at. (A) ASTS (B) II2 (C) BoBTS 

C 



 

60 

 

Table 2.8. Shannon_H diversity of archaeal community at class-level along the 

sampled depths (meters) of ASTS, II2 and BoBTS stations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Bar graph depicting archaea distribution (Class level) at ASTS, II2 and 

BoBTS. 
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2.3.2.4. Beta-diversity of bacterial and archaeal community  

Beta diversity separated the samples into abundance-weighted community 

composition, based on Bray–Curtis distance (stress = 0.08) (Figure 2.12) using 

NMDS ordination. The NMDS plot grouped based on location (i) BoB sampling site 

(BoBTS) (ii) the two sites of the AS (ASTS and II2) towards the bottom of the plot. 

Based on the vertical depth profile the samples grouped into three planes (i) surface 

depths on the extreme left of the plot (ii) all four OMZ depths in the centre (iii) near 

bottom depths towards the right of the plot. However, this result has been interpreted 

with caution, considering the influence of different hypervariable regions amplified 

between BoB-OMZ (V3) and AS-OMZs (V3–V4). Although Kerrigan et al. (2019) 

reported that taxonomic richness is linked to the choice of hypervariable region 

selection. It could vary between two different hypervariable regions generated from 

the same location. However, considering that the distance measure used in the present 

study, not only takes taxa abundance in consideration but also relies on 

presence/absence, this limitation could be overlooked for further interpretation. 

Further, the implication of the use of different hypervariable regions does not impair 

class-level community composition and their relative patterns of diversity (Kerrigan et 

al. 2019). Based on previously described hierarchical clustering analysis, individual 

sites had observed a similar trend of dept-wise clustering. While the Beta diversity too 

displayed vertical partitioning at all the sites, thus showing the spatial similarity 

between bacterial communities from each layer of the surface, OMZ and near bottom 

depths. It could suggest that the northern Indian Ocean OMZs display similar patterns 

of bacterial community clustering as other well-known OMZs (Stevens and Ulloa, 

2008; Podlaska et al. 2012; Bandekar et al. 2018). An exception to this observation 

was the core of the ASTS (350 m), that separated in the 2D gradient space from the 

rest of the OMZ depths. This depth was accompanied by the lowest DO and high 

nitrite concentrations in comparison to the rest of the depths sampled at ASTS, II2 

and BoBTS, thus suggesting the presence of unique bacterial community. 
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 Figure 2.12. NMDS plot depicting class-level bacterial composition at six depths of 

ASTS, BoBTS, and II2 sampled sites. The shapes of the symbol represent each station 

and colour represent classified depths. Depths in meters are mentioned below each 

sample. The elliptical unshaded region represents the three planes which divide the 

data based on vertical depth profile and the elliptical shaded areas represent a 

grouping of data based on location. 

 

2.3.2.5. Influence of environmental parameters on bacterial and archaeal 

community  

The structuring of the prokaryotic community at ASTS, II2 and BoBTS was 

influenced by environmental conditions namely; temperature (°C), salinity (PSU), DO 

(μM), pH, nitrate (μM), and nitrite (μM) along the vertical water column. The CCA 

plots represent only genera constituting ≥0.1% relative abundance and excluded 

unclassified reads for the ease of representation. ASTS showed 74.81% of the 

community variation could be explained by the environmental variables included in 

this study (Figure 2.13A). Correlation between the physicochemical factors at 350 m 

depth, showed a higher relative abundance of genera belonging to Candidatus 
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Scalindua, Clade lb, FS140-16B-02 marine group, JL-ETNP-F27, Nitrospina, 

Nitrospira, Pelagibacteraceae bacterium ETNP-OMZ-SAG-A7, Pelagibacteraceae 

bacterium ETNP-OMZ-SAG-E5, SEEP-SRB1, SUP05 cluster, Sva0996 marine group 

and Woeseia, and was positively correlated with NO2 but negatively correlated with 

DO. As important variables DO and NO3 played a significant role in the shaping of 

the bacterial community at ASTS. The genera observed at 350 m, the core OMZ depth 

having the lowest oxygen concentration could be involved in microbial processes that 

are favoured under suboxic conditions, such as nitrate reduction (Pelagibacteraceae 

bacterium ETNP-OMZ-SAG-A7, Pelagibacteraceae bacterium ETNP-OMZ-SAG-

E5), anammox (Candidatus Scalindua) and nitrite oxidation (Nitrospina and 

Nitrospira). Similarly, previous studies have shown the presence of these genera in 

tropical permanent OMZs namely; Eastern Tropical North Pacific (ETNP), ETSP as 

well as in AS, and BoB regions (Tsementzi et al. 2016; Bristow et al. 2017; 

Bertagnolli and Stewart, 2018; Fernandes et al. 2019). While the archaeal community 

showed the relative abundance of Archaeon marine Thaumarchaeota, Candidatus 

Nitrosopumilus in upper OMZ and near bottom depth (150 and 1000 m), this genus is 

a potential contributor towards global nitrogen and carbon cycles. Candidatus 

Nitrosopumilus possess the capability to oxidise ammonium to nitrite, and also 

reported in the ETSP and Baltic Sea OMZs (Stewart et al. 2012) 

The CCA plot of BoBTS illustrates a positive correlation of salinity along the 

OMZ depths (150 m, 250 m, 390 m, and 530 m) in contrast DO, NO2 and pH were 

negatively correlated (Figure 2.13B). Salinity is often considered as a dominant 

contributor in governing bacterial community composition and acts as a barrier in its 

separation thus having a substantial effect on bacterial community structure (Tang et 

al. 2012; Zhang et al. 2018). The abundant genera that were influenced under low 

DO, NO2 and pH conditions were, Bacillus, Candidatus Endoecteinascidia, 

Fluviicola, Gramella, Kordiimonas, Nitrospina, Paraglaciecola, Pelagibacteraceae 

bacterium ETNP-OMZ-SAG-A7, Pelagibacteraceae bacterium ETNP-OMZ-SAG-E5, 

SUP05 cluster and Woeseia. Synechococcus CC9902, Synechococcus MBIC10613 

and Prochlorococcus MIT9313 were observed in high numbers at the surface (81 m), 

accompanied by high DO, NO2, and temperature conditions. A few genera that were 

identified at suboxic waters suggest having potential roles in the marine nitrogen 

cycle. For example; Bacillus and Nitrospina are often actively involved in nitrate 
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reduction and nitrite oxidation, respectively under low oxygen concentrations (Mulla 

et al. 2018; Bertagnolli and Stewart, 2018). In contrast, members belonging to the 

genera, Kordiimonas are involved in degradation of polycyclic hydrocarbons, 

aromatic and halogenated compounds, thus capable of inhabiting the oligotrophic 

BoB waters. While, the presence of the genus Gramella in OMZ was previously 

reported by Sanz-Sáez et al. (2019) where the authors concluded that this genus was 

exclusively present in the OMZ from the permanent OMZs including AS. The 

genome analysis of genus Gramella has revealed genes that encode hydrolytic 

enzymes supporting the degradation of dissolved and particulate marine organic 

matter in the water column (Bauer et al. 2006). Further, due to their ability of surface 

adhesion onto polymeric carbon sources, the presence of Gramella in marine waters 

could play a major role in marine carbon cycling (Lau et al. 2005). Thus, the presence 

of Gramella in a higher proportion at BoBTS OMZ layers could mainly indicate their 

role in remineralisation processes at these depths. II2 CCA plot illustrates similar 

trends as that of ASTS and BoBTS (Figure 2.13C) with respect to the mid-depths of 

110 m, 160 m, and 201 m experiencing negative correlation to DO. The genera that 

were abundant at these depths were Clade lb, Gemmatimonadetes bacterium SCGC 

AAA240-J22, Marine group II euryarchaeote REDSEA-S19_B7N8, Nitrospina, 

Pelagibacteraceae bacterium ETNP-OMZ-SAG-E5, Pelagibacteraceae bacterium 

ETNP-OMZ-SAG-A7, Pseudoalteromonas, Rubritalea, Roseibacillus, SUP05 cluster, 

Sva0996 marine group and Woeseia. The genera identified at II2 in low DO 

concentration waters, are potential nitrate oxidisers (LS-NOB, Nitrospina) and nitrate 

reducers (SUP05 clade, Pelagibacteraceae bacterium ETNP-OMZ-SAG-A7, 

Pelagibacteraceae bacterium ETNP-OMZ-SAG-E5). The marine group II 

euryarchaeote REDSEA-S19_B1N8 is reported to inhabit low DO depths, while the 

Marine group II archaea are active players in critical processes of carbon and sulfur 

cycles which thrive at low oxygen concentrations (Zhang et al. 2015; Orsi et al. 

2016). The surface depths (30 m and 82 m) showed a relatively high abundance of 

Candidatus Actinomarina, Coxiella, Prochlorococcus MIT9313, Synechococcus 

CC9902 and Vibrio. At 82 m showed a relatively high abundance of Synechococcus 

MBIC10613 which was positively correlated to NO2. While Prochlorococcus 

MIT9313 abundant at 30 m was influenced by high, DO concentrations. Reports have 

shown that Synechococcus spp. can utilise NO2 as a sole nitrogen source, whereas 
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most Prochlorococcus strains cannot grow on nitrite (Moore et al. 2002). Thus, it 

could be likely that Synechococcus was positively regulated by nitrite than 

Prochlorococcus. However, it has also been observed that Prochlorococcus can adapt 

to low light conditions and are often found in deeper depths of the water column 

(Moore et al. 2002).  

A major percentage of 16S rRNA gene amplicons were identified as 

unclassified OTUs at genus or higher taxonomic levels. This suggests a greater 

undiscovered prokaryotic diversity could be present in this oxygen-depleted region. 

The percent of unclassified OTUs at genus level increases at suboxic transition zones 

(Table 2.9). The culture-independent approach identified significantly more bacterial 

taxa, a few dominant taxa from high throughput sequencing data were also detected 

by conventional culture-dependent methods. Owing to the fact that majority of the 

bacteria resist cultivation using cultural methods (Delmont et al. 2011; Rastogi and 

Sani, 2011) it’s likely to obtain higher bacterial richness using metagenomic 

techniques such as amplicon sequencing (J. Qin et al. 2010). All the bacterial genera 

identified through culture-dependent method at ASTS, II2 and BoBTS sampling sites 

were identified in culture-independent data (Table 2.10). 
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Figure 2.13. Canonical Correspondence Analysis ordination diagram of bacterial communities at generic-level of (A) ASTS (B) BoBTS (C) II2; 

associated with environmental parameters. In red is the environmental parameters, in black colour is the depths sampled and in blue is bacterial 

genera.                                                                                                                  
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Figure 2.13. Continued. Canonical Correspondence Analysis ordination diagram of bacterial communities at generic-level at (A) ASTS (B) 

BoBTS (C) II2; associated with environmental parameters. In red is the environmental parameters, in black colour is the depths sampled and in 

blue is bacterial genera.                                                                                                                   
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Figure 2.13. Continued. Canonical Correspondence Analysis ordination diagram of bacterial communities at generic-level at (A) ASTS (B) 

BoBTS (C) II2; associated with environmental parameters. In red is the environmental parameters, in black colour is the depths sampled and in 

blue is bacterial genera. 
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Table 2.9. Percent of unclassified OTUs at genus level at ASTS, II2 and BoBTS. 

 

Levels ASTS (%) II2 (%) BoBTS (%) 

Surface  35.9 44.9 40.4 

Upper OMZ 60.4 49.4 56.6 

Core OMZ 1 64.2 62.8 58.8 

Core OMZ 2 52.5 70.2 51.5 

Lower OMZ 50.8 68.3 54.1 

Near bottom 53 67.2 51.3 

 

Table 2.10. List of genera found common in culture-dependent and culture-

independent method at ASTS, II2 and BoBTS. 

 

ASTS II2 BoBTS 

Alcanivorax Acinetobacter Achromobacter 

Alteromonas Alishewanella Bacillus 

Bacillus Bacillus Halomonas 

Citreicella Brevibacterium Idiomarina 

Erythrobacter Halomonas Marinobacter 

Halomonas Idiomarina Mesorhizobium 

Idiomarina Marinobacter Nitratireductor 

Marinobacter Microbacterium Pseudomonas 

Microbacterium Nitratireductor Rheinheimera 

Mycobacterium Pseudoalteromonas Vibrio 

Nitratireductor Sulfitobacter  

Photobacterium Vibrio  

Pseudoalteromonas   

Pseudomonas   

Pseudonocardia   

Sulfitobacter   
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CHAPTER 3 

Functional role of microbial community in the Arabian Sea 

and Bay of Bengal OMZs 

 

3.1 Introduction 

Oxygen minimum zones support complex microbial communities adapted for 

life under low dissolved oxygen conditions (Wright et al. 2012). Marine OMZs have 

physical environments that provide alternating electron donors and acceptors, which 

create metabolically active niches harbouring diverse microbial assemblages that play 

recurring functional roles (Hawley et al. 2014; Wright et al. 2012). The electron 

gradients that are formed aid in shaping different modes of metabolic coupling at the 

convergence of carbon, nitrogen and sulphur cycling (Stewart et al. 2012). Microbial 

communities present in OMZs manifest a chemolithoautotrophic denitrification 

pathway, that links sulphur and nitrogen compounds leading to nitrogen loss and 

production of nitrous oxide (N2O) a potent greenhouse gas (Tsementzi et al. 2016; 

Hawley et al. 2017). Metagenomic libraries have suggested microbial communities 

that harbour full cascade of sulphur-oxidising and nitrate-reducing genes in Saanich 

Inlet. However, the sulphur cycle in the OMZs has been considered to be a cryptic 

event due to the lack of geochemical evidence of sulphide in nitrite rich portions of 

the pelagic waters (Stewart et al. 2012). Further, it has been envisioned that critical 

links may exist between pelagic OMZ sulphur and nitrogen metabolism. Based on 

literature there have been attempts to tap the genes involved in the coupling of 

nitrogen and sulphur metabolism in the Pacific Ocean, as well as biochemical 

evidence of a few cultured bacteria in performing sulphur oxidation in the Indian 

Ocean OMZs (Canfield et al. 2010; Menezes et al. 2018). The emergence of various 

metagenomic techniques has enlightened the presence of microbial communities 

participating in carbon, nitrogen and sulphur cycling in the OMZs. However, the 

fragmentary nature of meta-omics prohibits accurate phylogenetic identification of the 

organisms involved. In order to overcome these shortcomings, metagenomics coupled 

with cultured bacterial isolates will enable to highlight the microbial communities in 
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the OMZ. Studies on the coupling of OMZ nitrogen metabolism and cycling of other 

elements, notably sulphur in the Indian Ocean are limited and need to be addressed.  

 

3.2 Materials and methodology (Objective two - Investigating the role played by 

select microbial taxa from these communities with respect to nitrogen and sulphur 

cycle linkage) 

 

3.2.1 Functional role of cultured bacterial isolates  

3.2.1.1. Bacterial isolates used to screen for nitrate-reduction and sulphur- 

oxidation processes 

All isolates procured from AS and BoB-OMZ sampling sites (Figure 2.1) were 

subcultured on their respective isolation media. The agar media were modified to 

isolate potential nitrate reducers and sulphur-oxidisers by varying sulphur and 

nitrogen compounds (Table 2.2). Due to the loss of most of the isolates during 

subsequent subculturing, an attempt was made to maintain representative isolates. 

Thus, a total of 225 and 159 were maintained on subsequent subculturing, consisting 

of 90 and 46 unique isolates identified tentatively till species level from AS and BoB-

OMZ respectively (Table 3.1). Qualitative test of nitrate-reduction and thiosulphate-

oxidation was tested using these isolates. 

 

3.2.1.2 Screening of bacterial isolates based on their nitrate-reduction potential 

A qualitative nitrate reduction test was performed on 225 and 159 bacterial 

isolates from the AS and BoB-OMZs. The test was performed by inoculating a 

loopful of 12-24 hours pure culture in test tubes containing sterile 5 ml nitrate broth 

(HiMedia) with a concentration of 10 mM nitrate. The inoculated tubes and an 

uninoculated control were incubated aerobically at 28°C for 24-48 hours at 130 rpm. 

The nitrate broth was then observed for growth and the presence of gas bubbles in the 

inverted Durham’s tube. The ability to reduce nitrate by the bacterial isolates was 

determined qualitatively by the Griess test (Smibert and Kreig, 1994). This test checks 

for the presence of nitrite ion, which is produced due to biological nitrate reduction in 

the inoculated broth. After Incubation, these tubes are first inspected for the presence 

of gas in the Durham tube. If the isolates are a non-fermenter, the air bubble is 

indicative of reduction of nitrate to nitrogen gas. However, in many cases, gas is 
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produced by fermentation which would require further testing to determine nitrate-

reduction. This includes a two-step process; the first step involves adding 5 drops of 

each, nitrate reagent A (sulfanilic acid) and B (α-naphthylamine) followed by gentle 

shaking of the tube to mix the reagents. Reduction of nitrate would result in nitrous 

acid in the medium, thus reacting with sulfanilic acid to form a colourless compound 

(diazotised sulfanilic acid). Further, the diazotised sulfanilic acid reacts with α-

naphthylamine forming a water-soluble red azo dye p- sulfobenzene azo α-

naphthylamine. On observing a deep red colour in 2 minutes after adding nitrate 

reagent A and B, the test indicates positive for nitrate reduction. However, if the red 

colour did not appear there could be two possibilities: either, the isolates are incapable 

of reducing nitrate beyond nitrite to produce nitrogen gas or, other end products; 

notably, ammonia is produced. Thus, the second step of the test involves adding 

approximately 6.0 mg of nitrate reagent C (zinc dust). Check for the appearance of a 

red colour within 5-10 minutes following the addition of Nitrate Reagent C. A red 

colour indicates that nitrate was not reduced. Absence of a red colour in the reaction 

indicates nitrate reduction beyond nitrite. 

 

3.2.1.3 Screening of bacterial isolates based on their thiosulphate-oxidation 

potential 

A qualitative thiosulphate- oxidation test was carried out on a total of 225 and 

159 bacterial isolates from the AS and BoB OMZs. A loopful of 12-24 hours old pure 

culture was inoculated in 5 ml mineral salts (MS) broth. The MS broth contained 8 

mM sodium thiosulphate with a phenol red dye (0.02 g/L) (Teske et al. 2000; Ghosh 

and Roy, 2007). The inoculated tubes and control tube (uninoculated) were incubated 

at 28°C for 24-48 hours at 120 rpm. If the isolate had oxidised thiosulphate in the 

medium to sulphuric acid, it would make the broth acidic (Ghosh and Roy, 2007). A 

drop in pH from 7 to 6.5 or less is indicated by a colour change of the solution from 

orange (pH 7) to yellow (pH ≤ 6.5), which is a positive test for thiosulphate oxidation. 

The isolates that were tested positive after performing the nitrate-reduction 

and thiosulphate-oxidation test were correlated with in situ environmental variables 

using canonical correspondence analysis (CCA) (Temperature [̊C], salinity [PSU], 

dissolved oxygen [μM], nitrate [μM] and nitrite [μM]) in Past-3 software V3.23 

(Hammer et al. 2001). 
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Table 3.1. List of total representative isolates maintained on subculturing to perform 

nitrate reduction and thiosulphate oxidation tests 

 

3.2.1.4 Amplification of select denitrifying genes 

The isolates that were positive to nitrate-reduction test were further selected 

for PCR amplification of genes involved in denitrification process that encode for 

nitrite reductase (nirS) and nitrous oxide reductase (nosZ). The select isolates were 

grown in 5 ml of Zobell marine broth for 24-48 hours at 28°C at 120 rpm. The total 

genomic DNA was then extracted from the cultures using ZR Fungal/Bacterial DNA 

Kit following manufactures protocol (Zymo Research, CA, catalogue no. D6005). The 

purity and quantity of the total genomic DNA was analysed using NanoDrop 1000 

spectrophotometer (Thermo Scientific) at an absorbance of 260/280 and 260/230 nm. 
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Further, the quality check approved genomic DNA was used to amplify nirS and nosZ 

genes using select primer pairs (Table 3.2). The PCR protocol was standardised to 

obtain the desired amplicon size for the specific gene amplification. PCR reaction 

consisted of a total volume of 50 μl containing 5 μl of 5X colourless GoTaq® Flexi 

buffer, 3 μl of MgCl2 (1.5 mM), 1 μl PCR nucleotide mix (0.2 mM each dNTP), 1 μl 

each primer (1 mM), 0.36 μl GoTaq®Hot start polymerase (1.25 U) and 50-100 ng 

DNA. The volume of the PCR mix was made up to 50 μl by adding sterile deionised 

water. All primer pairs amplifying the gene fragments of nirS and nosZ were run by 

optimising a touchdown PCR programme. Thus, for each primer pair, the melting 

temperature (Tm) was determined, and the PCR machine programme was set at an 

annealing temperature of 5 degrees higher than the Tm, that reduced half a degree per 

cycle until it reached 5 degrees lower than the Tm. These PCR programmes for nirS 

gene were modified from Braker et al. 1998 and for nosZ gene from Throback et al. 

2004 methods, the details of each programme ran for this study are given in table 3.3. 

The desired amplicon size was determined by analysing on 1% agarose gel 

electrophoresis. The amplicons were purified using PCR clean-up kit (Promega 

Corporation, US) and sequenced in the Genetic Analyser 3130xl (Applied 

Biosystems, USA) by the big dye terminator V3.1 (chain terminator) chemistry. NCBI 

GenBank database was used for similarity search using BLASTx tool. The sequences 

were aligned using CLUSTALW along with reference sequences from the NCBI 

database. Phylogenetic analysis of nitrite reductase (nirS) and nitrous oxide reductase 

(nosZ) gene sequences was performed using the neighbour-joining method with 500 

bootstrap replicates, constructed using MEGA X software (Kumar et al. 2018). 
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Table 3.2. PCR primers used to amplify nirS and nosZ genes  

Gene Primer Sequence 5’-3’ Position* Amplicon size Reference 

nirS 
1F CCTA(C/T)TGGCCGCC(A/G)CA(A/G)T 763-780 

~555 bp Braker et al. 1998, Throback et al. 2004 
4R TTCGG(G/A)TG(C/G)GTCTTGA(T/C)G AA 1317-1336 

nirS 
3F TTCCT(T/C/G)CA(C/T)GACGGCGGC 1002-1019 

~ 637 bp Braker et al. 1998, Throback et al. 2004 
6R CGTTGAACTT(A/G)CCGGT 1638-1653 

nosZ 
F CG(C/T)TGTTC(A/C)TCGACAGCCAG 1169-1188 

~ 700 bp Kloos, et al. 2001 
R CATGTGCAG(A/C/G/T)GC(A/G)TGGCAGAA 1849-1869 

*the positions of nirS gene present in Pseudomonas stutzeri ZoBell ATCC 14405 (X56813) and in nosZ gene in Pseudomonas aeruginosa DSM 50071 

(X6527) 

 

Table 3.3. Details of touchdown PCR programme to amplify nirS and nosZ genes  

Sr. No. Primer pair PCR conditions 

1 nirS 1F/4R 
94°C for 2min; first 10 cycles of- 30 sec at 94°C, 1min at 52°C -47°C and 72°C for 1min, later 20 cycles 

at 94°C for 30 sec, 48°C for 1 min and 72°C for 1min-completed at 72°C for 10 min   

2 nirS 3F/6R 
94°C for 2min; first 10 cycles of- 30 sec at 94°C, 1min at 50°C -45°C and 72°C for 1min, later 20 cycles 

at 94°C for 30 sec, 48°C for 1 min and 72°C for 1min; completed at 72°C for 10 min   

3 nosZ F/R 
94°C for 2min; first 10 cycles of- 30 sec at 94°C, 1min at 55°C -50°C and 72°C for 1min, later 20 cycles 

at 94°C for 30 sec, 50°C for 1 min and 72°C for 1min-completed at 72°C for 10 min 
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3.2.1.5 Whole-genome shotgun sequencing  

3.2.1.5.1 Bacterial growth and DNA extraction  

Whole-genome sequencing (WGS) using Illumina NextSeq500 platform was 

performed for three selected bacterial isolates. The isolates selection was based on 

biochemical test, that showed positive for thiosulphate-oxidation test viz., 

Limnobacter thiooxidans (NIOSSD026#461) and Pseudonocardia alni 

(NIOSSD026#456) and a bacterial isolate that was positive for nitrate-reduction and 

thiosulphate-oxidation test viz., Nitratireductor aquibiodomus (NIOSSD020#206). 

The isolates Limnobacter thiooxidans (NIOSSD026#461), Pseudonocardia alni 

(NIOSSD026#456) and Nitratireductor aquibiodomus (NIOSSD020#206) were 

grown in 5 ml Zobell marine broth at 28 °C for 24-48 hours at 120 rpm. The total 

genomic DNA was extracted from these isolates using ZR Fungal/Bacterial DNA Kit 

following the manufacturer’s protocol (Zymo Research, CA, catalogue no. D6005). 

The genomic DNA were analysed by resolving on 0.8% agarose gel followed by 

quantification using NanoDrop 1000 spectrophotometer (Thermo Scientific). The 

genomic DNA samples were outsourced to Eurofins genomics India Pvt. Ltd., 

Bengaluru, Karnataka for whole-genome analysis. 

 

3.2.1.5.2 Shotgun library preparation and sequencing 

The paired-end sequence libraries were prepared using Illumina TruSeq Nano 

DNA library prep kit as per manufactures protocol. Briefly, approximately 200 ng of 

DNA was fragmented using a focused-ultrasonicator Covaris M220 to generate mean 

fragment distribution of 350bp. Covaris shearing generates dsDNA fragments with 3’ 

or 5’ overhangs which are then subjected to end-repair using the end-repair mix, 

which removes the 3’ overhangs and fills in the 5’ overhangs followed by adapter 

ligation to the fragments. The ligated products were size-selected using AMPure XP 

beads, which were further PCR amplified with the index primer, preparing them for 

hybridisation onto a flow cell. The quantity and quality of the PCR enriched libraries 

were checked on Agilent 4200 Tape station system (Agilent Technologies) using high 

sensitivity D1000 screen tape as per manufactures instructions. The libraries were 

sequenced on NextSeq 500 using 2 x 150 bp chemistry. Raw sequence data from the 
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isolates NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 metagenome were 

submitted to the Genome database at the NCBI under BioProject numbers 

PRJNA694550, PRJNA694801 and PRJNA694804 respectively. 

 

3.2.1.5.3 Genome assembly and annotation 

The sequenced raw paired-end data were processed to obtain high-quality 

clean reads using Trimmomatic V0.35. Trimmomatic removes adapter sequences, 

ambiguous reads such as reads with unknown nucleotides and sequences with low-

quality having > 10% quality threshold (QV), <20 Phred score. The paired-end data of 

the samples were assembled de novo into scaffolds using St. Petersburg genome 

assembler (SPAdes) V3.11.1 and the scaffolds were validated using Metagenomic 

Data Utilization and Analysis tool (MEDUSA) (Karlsson et al. 2014) according to 

their respective reference genome. MEDUSA-assembled genomes were identified for 

their protein-coding and tRNA genes performed by prokaryotic genome annotation 

software, Prokka V1.12. The predicted coding sequences (CDS) for the samples were 

searched against the NCBI non-redundant protein database (NCBI-nr) using blastx (E-

value: 1e-05) through Diamond tool. The Blast2GO platform was used to determined 

Gene Ontology (GO) annotations, i.e., classifying the functions of the predicted 

genes. GO mapping also provided gene product properties which grouped into three 

main domains: Biological process (BP), Cellular components (CC) and Molecular 

function (MF). Distribution of GO terms across the categories – BP, CC and MF, 

were obtained through WEGO (Web Gene Ontology Annotation Plot) portal

 (http://wego.genomics.org.cn/cgi-bin/wego/index.pl) and Blast2GO.  

The predicted CDS were mapped to reference canonical pathways in KEGG 

and identified their potential involvement in biological pathways. The KEGG 

orthology database of prokaryotes was used as the reference for pathway mapping. 

The CDS were mainly classified under five categories: cellular processes, 

environmental information processing, genetic information processing, metabolism, 

and organismal system. KEGG automated annotation server (KASS) (Moriya et al. 

2007) was used to give an output data consisting of KEGG Orthology (KO) 

assignments along with their corresponding Enzyme Commission (EC) numbers and 

metabolic pathways of predicted CDS. 

http://wego.genomics.org.cn/cgi-bin/wego/index.pl
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3.2.2 Functional analysis of culture-independent metagenomic data 

In order to investigate the predicted functional genes in the high throughput 

data, the data generated from the 18 samples (from chapter 2) at ASTS, II2 and 

BoBTS were analysed using the Silva- Tax4Fun (Aßhauer et al. 2015). Tax4Fun is a 

platform that utilises the SILVA-labelled OTU tables as an input file, to generate 

predicted pathways with the help of an open-source R package. During the analysis, 

the SILVA-labelled OTUs is converted into prokaryotic KEGG organisms which are 

further normalised by 16S rRNA copy number obtained from the NCBI genome 

annotation (Kaiser et al. 2016) in R studio V3.5.1 (R Core Team, 2015). The 

predictive functions of the bacterial communities are assigned by linearly combining 

the normalised taxonomic abundances into the precomputed association matrix of KO 

reference profiles to Silva defined microorganisms. The differences in functional gene 

composition among the depths at three stations were tested with Tukey–Kramer test 

using statistical analysis of amplicon sequences (STAMP V2.1.3). 

 

3.3 Results and Discussion 

3.3.1 Screening of bacterial isolates based on their nitrate-reduction potential 

The global ocean OMZs are vast areas of oxygen-deficient and nitrite-rich 

waters. Microbial communities present in these zones influence the nitrogen economy 

of the oceans, by contributing to major losses of fixed nitrogen as dinitrogen (N2) and 

nitrous oxide (N2O) gases (Ulloa et al. 2012). In this study, a qualitative test was 

performed to check the ability of bacterial isolates from the northern Indian Ocean 

OMZs to reduce nitrate (NO3
-) to nitrite (NO2) or further to N2O/N2/NH3.  The nitrate- 

reduction test showed a total of 58 and 63 positive bacterial isolates from AS and 

BoB-OMZs, respectively (Table 3.4 and 3.5). The nitrate reducers grouped into six 

taxonomic classes belonging to α-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, 

Actinobacteria, Bacilli and Flavobacteriia (Figure 3.1). Most of the nitrate reducers 

belonged to γ-Proteobacteria and α-Proteobacteria at both the AS and BoB-OMZs. 

The class γ-Proteobacteria harboured the highest number of complete nitrate reducers 

(reduction of NO3
- to NO/N2O/N2) viz., Alcanivorax dieselolei, Alcanivorax pacificus, 

Halomonas saccharevitans, Halomonas shengliensis, Idiomarina piscisalsi, 
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Marinobacter alkaliphilus, Marinobacter hydrocarbonoclasticus and Pseudomonas 

stutzeri. Prior studies observed similar results in the Indian Ocean, reporting 60% γ-

Proteobacteria along the vertical depths of the water column contributing to bacterial 

nitrate reduction (Jiang and Jiao, 2016). The nitrate-reducing genus Marinobacter 

predominated at both AS and BoB-OMZs. Marinobacter group has also been a well-

observed dominant nitrate reducer in the Indian Ocean along with other γ-

Proteobacteria allotted to the Alcanivorax and Acinetobacter (Jiang and Jiao, 2016). 

Studies have found that the genus Marinobacter is involved in nitrate assimilation and 

is positively correlated to nitrate concentration (Allen et al. 2005). CCA analysis of 

isolates positive to nitrate-reduction test (Figure 3.2 A and B) as well as culture-

independed CCA analysis (Chapter 2, Figure 2.13) illustrated nitrate as a parameter in 

influencing Marinobacter in AS and BoB-OMZs. Marinobacter alkaliphilus, 

Marinobacter hydrocarbonoclasticus and Pseudomonas stutzeri showed nitrate-

reducing capability, that were isolated from the AS and BoB-OMZ sampling sites. M. 

hydrocarbonoclasticus and P. stutzeri are classified as aerobic denitrifiers under 

microaerobic conditions in the presence of nitrate (Lalucat et al. 2006, Dell'Acqua et 

al. 2012) making them potential denitrifying candidates in the OMZ waters. While 

Achromobacter xylosoxidans, Nitratireductor aquibiodomus and Zunongwangia 

profunda that showed complete nitrate reduction belonged to a less abundant class of 

bacteria β-Proteobacteria, α-Proteobacteria and Flavobacteriia respectively. Based on 

previous reports, Achromobacter xylosoxidans, Nitratireductor aquibiodomus and 

Zunongwangia profunda to have the potential to reduce nitrate (Yabuuchi et al. 1998; 

Labbe et al. 2004; Q. L. Qin et al. 2010). CCA plot of AS illustrates the influence of 

nitrite at sub-surface depths with occurance of nitrate reducers identified as Bacillus 

siralis, Idiomarina zobellii, Nitratireductor aquibiodomus, Pseudomonas stutzeri and 

Stappia indica. Similarly, the CCA plot of BoB illustrates nitrate reducing bacterial 

isolates Bacillus okahnsis, Idiomarina marina, Marinobacter hydrocarbonoclasticus, 

Nitratireductor aquibiodomus and Rheinheimera nanhaiensis were isolated from low 

DO, high nitrite and nitrate concentrations. Griess test resulted in 32 isolates from 

both AS and BoB OMZ belonging to 19 genera, capable of incomplete nitrate- 

reduction (NO3
- to NO2

-) under aerobic conditions. The distribution of the incomplete 

nitrate-reducers was throughout the water column, i.e., within the surface water, OMZ 

and the near-bottom water (Figure 3.2). The ability of the bacterial isolates to reduce 
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nitrate were procured from most of the sampling sites in the AS and BoB-OMZs, thus 

relating their ubiquitous existence in oxygen-deficient waters of the north Indian 

OMZs. 

 

 

 

 

 

 

 

Figure 3.1. Bar chart showing the distribution of nitrate-reducers at class-level from 

the AS and BoB sampling sites 

 

3.3.2 Screening of bacterial isolates based on their thiosulphate-oxidation 

potential 

As the OMZs being well-known sites of nitrogen cycling (Lam and Kuypers, 

2011), it has also emerged as a site of cryptic sulphur cycling over the past few years 

(Canfield et al. 2010) The sulphur-oxydation process in these regions is termed as 

cryptic because of its occurance in the non-sulfidic waters of OMZs. However, reports 

suggest that these waters till date show undetectable levels of sulphide (<0.5 μM) or 

thiosulphate (<1 to 20 μM) with the use of routinely employed analytical techniques 

(Canfield et al. 2010; Crowe et al. 2018). Despite the unnoticed presences of sulphide 

in the OMZ water, sulphur-oxidising bacteria are indeed ubiquitous and abundant 

members of the OMZs microbial community (Stevens and Ulloa, 2008; Lavik et al. 

2009; Walsh et al. 2009; Canfield et al. 2010; Wright et al. 2012, Menezes et al. 

2018). To identify sulphur oxidisers from the AS and BoB-OMZs a qualitative test of 

thiosulphate-oxidation was performed with bacterial isolates.
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Table 3.4. Nitrate reducing isolates from AS and BoB with their closest representatives in NCBI database. 
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Table 3.4. Continued. Nitrate reducing isolates from AS and BoB with their closest representatives in NCBI database. 
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 Table 3.5 Test and sampling details of nitrate reducers from the AS and BoB. 

                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                       a the key (+ +) indicates complete nitrate reduction and (+ -) indicates incomplete nitrate reduction.  
                                       b the key (+) indicates the presence of gas bubble and (–) indicates no gas bubble in the Durham’s tube. 
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Figure 3.2. Canonical Correspondence Analysis ordination diagram of potential nitrate reducing isolates at (A) AS (B) BoB; associated with 

environmental parameters. In red is the environmental parameters, the filled squares represent the stations at which the isolates were obtained 

and in blue dots are the bacterial isolates. 

A 
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Figure 3.2 Continued. Canonical Correspondence Analysis ordination diagram of potential nitrate reducing isolates at (A) AS (B) BoB; 

associated with environmental parameters. In red is the environmental parameters, the filled squares represent the stations at which the isolates 

were obtained and in blue dots are the bacterial isolates. 

B 
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Isolates from the AS-OMZ that oxidised thiosulphate belonged to the class α-

Proteobacteria, β-Proteobacteria, γ-Proteobacteria and Actinobacteria. While only a 

few isolates of class α-Proteobacteria from the BoB-OMZ oxidised thiosulphate 

(Figure 3.3). A higher number of isolates were isolated from the AS-OMZ that 

showed the potential of oxidising thiosulphate. In 2005, Fuchs et al. based on 16S 

rRNA gene cloning, speculated that the presence of specific bacterial population 

exists that might catalyse sulphate-reduction and sulphide-oxidation under suboxic 

conditions of the Arabian Sea water column. While, most sulphur-oxidising members 

that belong to the class α-, β-, γ-Proteobacteria and Actinobacteria are abundantly 

present in shallow-water hydrothermal vents and thermal springs (Giovannelli et al. 

2013; Tang et al. 2013; Jaffer et al. 2019). Habitat such as marine sediments too have 

shown the dominance of γ-Proteobacteria and Actinobacteria sulphur-oxidisers (Ihara 

et al. 2017). However, the OMZs have reported metagenomic evidence of sulphur-

oxidising bacterial clades and genes that govern sulphur-oxidation processes in the 

water column. With most of the members clustering with γ-Proteobacter in ETSP, 

Benguela current upwelling OMZ, Baltic and Black Sea OMZ waters (Lavik et al. 

2009; Glaubitz et al. 2009; Glaubitz et al. 2010). Thus, the existence of sulphur-

oxidising community till date has relied only on metagenomic studies in the OMZs, 

and lack of sulphur-oxidising cultured bacterial isolates from the oxygen-deficient 

waters has gained concerns. In the present study, among the tested isolates for 

thiosulphate oxidation, 22 and 18 isolates were positive from the AS and BoB-OMZ 

belonged to 9 genera namely; Citreicella, Gordonia, Limnobacter, Methylophaga, 

Microbacterium, Mycobacterium, Nitratireductor, Pseudonocardia and Stappia 

(Table 3.6 and 3.7). A CCA plot was constructed using the environmental variables 

(DO, salinity, nitrate, nitrite and temperature) and the isolates that were tested positive 

to thiosulphate-oxidation test, it was observed that all the isolates that oxidised 

thiosulphate were isolated from the oxygen-deficient depths of the water column, 

except Microbacterium aquimaris that was isolated from the surface-oxygenated 

waters (Figure 3.4). Citreicella thiooxidans isolated from the AS-OMZ could oxidise 

thiosulphate aerobically, although this taxon has been isolated previously from the 

chemocline (oxygen-sulphide interface) waters of the Black Sea, a seasonal OMZ 

(Sorokin et al. 2005). Similarly, Limnobacter thiooxidans and Methylophaga 

thiooxidans isolated from the AS-OMZ are reported to oxidise thiosulphate and have 
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been isolated previously from the sediment and water column of a non-OMZ region 

(Spring et al. 2001; Schäfer, 2007; Boden et al. 2010). Microbacterium sp. and 

Mycobacterium sp. too have shown the ability to oxidise thiosulphate, these genera 

have also reported to oxidise thiosulphate however in terrestrial habitats (Anandham 

et al. 2008; Kusumi et al. 2011). Nitratireductor aquibiodomus (NIOSSD026 #405, 

482, 503, 505, 512, NIOSSD020 #256, 363, 368, 371, 381, 206, 230), Nitratireductor 

kimnyeongensis (NIOSSD020 #113, 332, 348, 193, 23, 43, 216, 257, 375, 385, 379, 

NIOSSD026 #398, 432) and Stappia indica (NIOSSD026 #527) could reduce nitrate 

and oxidise thiosulphate. Prior reports too have demonstrated the ability of these 

isolates to participate in nitrate-reduction and sulphur-oxidising processses (Labbe et 

al. 2004; Lai et al. 2010; Jaffer et al. 2019). While Nitratireductor aquibiodomus and 

Nitratireductor kimnyeongensis were isolated from both AS and BoB-OMZ, making 

them potential candidates in contributing to the functioning of nitrogen and sulphur 

cycle in the north Indian OMZs. It has been well documented that oxidation of 

sulphur compounds have not been restricted to the true sulphur bacteria; the processes 

have also been studied in heterotrophic bacteria (chemolithoheterotrophy). Thus, 

dispersed through a wide range of habitat (Starkey, 1935; Vitolins and Swaby, 1969; 

Tuttle and Jannasch, 1973; Aguilar et al. 2008). It has also been observed that the 

identification of thiosulphate-oxidising bacteria is expanding continuously with 

genera that have not previously known to have the potential of sulphur-oxidising are 

being identified lately (Anandham et al. 2008; Kusumi et al. 2011). Considering the 

present study, all isolates that showed the ability to oxidise thiosulphate was for the 

first time reported being present in the north Indian OMZ. As a result of this study, it 

was evident that the modified agar media that were supplemented with varying 

sulphur and nitrogen compounds successfully isolated the desired bacteria capable of 

nitrate-reduction and sulphur-oxidation. Thus, selection and modification of 

appropriate isolation media play a significant role in isolating desired bacteria from 

chemically robust habitats such as oceanic OMZs. As well as attempts have to be 

made to culture OMZ sulphur and nitrate metabolising bacteria (Stewart, 2011)  
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Table 3.6. Thiosulphate oxidising isolates from AS and BoB with their closest representatives in NCBI database. 

 

 

 



 

89 

 

Table 3.7 Sampling details of positive thiosulphate oxidisers from the AS and BoB 

 

 

 

 

 

 

Figure 3.3. Bar chart showing the distribution of thiosulphate-oxidisers at class-level 

from the AS and BoB-OMZs sampling sites 

 

Sr. no. Closest match in NCBI 
Total number of isolates 

Sampling stations 
AS BoB 

1 Citreicella thiooxidans 4 - II4, ASTS, II6, II8 

2 Gordonia bronchialis 1 - II4 

3 Gordonia rhizosphera 1 - II4 

4 Limnobacter thiooxidans 3 - II12 

5 Methylophaga thiooxidans 1 - II4 

6 Microbacterium aquimaris 1 - II2 

7 Mycobacterium poriferae 2 - II4, ASTS 

8 
Nitratireductor 

aquibiodomus  

5 7 II2, II4, II8, 

17,18,19 

9 Nitratireductor 

kimnyeongensis  

2 11 II4, II8, 

BoBTS,17,18,17 

10 Pseudonocardia alni 1 - ASTS 

11 Stappia indica 1 - II6 
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Figure 3.4. Canonical Correspondence Analysis ordination diagram of potential thiosulphate oxidising isolates at AS and BoB; associated with 

environmental parameters. In red is the environmental parameters, the filled triangle and squares represent the stations at AS and BoB 

respectively at which the isolates were obtained and in blue dots are the bacterial isolates. 
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3.3.3 Amplification of select denitrifying genes 

Taxonomically, denitrifying bacteria are diverse, and this functional trait is 

dispersed within more than 50 genera (Zumft, 1997). Molecular studies have detected 

functional genes that encode for enzymes involved in the denitrification pathway. Due 

to high sequence variability, the denitrifying genes are exploited as a biomarker to 

identify denitrifying bacteria. Thus, these functional genes can discriminate between 

closely related but ecologically different population (Palys et al. 1997). In this study, 

two denitrifying genes were employed viz., nirS and nosZ. The gene nirS that encodes 

for nitrite reductase enzyme catalysing the reduction of nitrite (NO2
-) to nitric acid 

distinguishing the denitrifiers from the nitrate-respiring bacteria (Zumft, 1997). While 

the reduction of nitrous oxide to dinitrogen is catalysed by nitrous oxide reductase 

encoded by the nosZ gene, some denitrifiers lack nosZ gene. Nevertheless, it’s used to 

target different denitrifying bacterial population that is capable of nitrous oxide 

reduction. The study on molecular ecology of denitrifying bacteria is based mostly on 

nirS and nosZ genes (Scala and Kerkhof, 1999; Braker et al. 2000).  

All cultures with positive nitrate-reduction test were screened for the presence 

of nirS and nosZ genes. The amplified denitrifying genes showed the closest match in 

the NCBI database with genes from a few closely related cultured bacteria as well as 

uncultured bacterial clones. The isolates that showed positive using primer set nirS 1F 

and 4R based on amplicon size of ~ 555bp were Marinobacter hydrocarbonoclasticus 

(NIOSSD005#12), Pseudomonas stutzeri (NIOSSD026#340, NIOSSD026#521) and 

Pseudomonas songnenensis (NIOSSD026#224). While those isolates that showed 

positive using primer set nirS 3F and 6R based on amplicon size of ~ 637bp were 

Halomonas saccharevitans (NIOSSD026#133) and Marinobacter 

hydrocarbonoclasticus (NIOSSD005#12, NIOSSD026#610, NIOSSD026#623) 

(Table 3.8), all the isolates that tested positive for nirS gene belong to the class γ-

Proteobacteria. The seven isolates tested positive were from AS except for 

Marinobacter hydrocarbonoclasticus (NIOSSD005#12) which was isolated from the 

BoB. Majority of the isolates that were positive for nirS gene was recovered from 

depths with an oxygen concentration of < 6 μM, with an exception of two bacterial 

isolates belonging to Marinobacter hydrocarbonoclasticus (NIOSSD026#610, 

NIOSSD026#623) (Table 3.8). Jayakumar et al. (2009) reported clones of nirS gene 

affiliated to Marinobacter hydrocarbonoclasticus in the water column of the AS-
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OMZ. However, the abundance of these clones was restricted to less intense suboxic 

waters in the AS. Thus, Marinobacter spp. are reported to be distributed along the 

water column, including the OMZ and deeper depths of the Indian Ocean (Jiang and 

Jiao, 2016). Making this nitrate-reducer; Marinobacter sp. a versatile player in the 

Indian Ocean. The nirS phylogenetic tree constructed by the neighbour-joining 

method showed genes affiliated with the terrestrial and marine ecosystem (Figure 3.5; 

Table 3.9). In figure 3.5 Pseudomonas stutzeri (NIOSSD026#340, NIOSSD026#521) 

and Pseudomonas songnenensis (NIOSSD026#224) shares >90% sequence similarity 

with cultured and uncultured bacteria from the AS water column and south China Sea 

sediments (Table 3.9). It was interesting to note that Marinobacter 

hydrocarbonoclasticus (NIOSSD005#12) isolated from the BoB-OMZ shared >90% 

sequence similarity with the nirS gene of the uncultured bacterial clones from the AS-

OMZ as well as those from the Eastern Tropical North Pacific and Eastern South 

Pacific OMZs. It was observed from the phylogenetic tree that all the uncultured and 

NIOSSD005#12 nirS genes showed 100% bootstrap with the cultured Marinobacter 

hydrocarbonoclasticus isolate nirS gene (Accession no. FJ686157). Based on this 

presumption it could indicating that similar bacterial population that harbour nirS 

genes can thrive in the Pacific and Indian Ocean OMZs. Figure 3.6 shows sequence 

similarity of Marinobacter hydrocarbonoclasticus (NIOSSD005#12, 

NIOSSD026#610, NIOSSD026#623) with uncultured bacterial clones of Eastern 

Tropical North Pacific and AS OMZ regions, while also closely related to 

Marinobacter sp. nirS genes of microbial mats from Berre Lagoon in France (Table 

3.10). Halomonas saccharevitans (NIOSSD026#133) showed no closely related 

cultured representatives harbouring nirS gene. However, two uncultured clones from 

the AS and Eastern South Pacific OMZ showed 95-96% sequence similarity with 

100% bootstrap.  

The amplification of the nosZ gene was successful with the primer pair nosZ F 

and R, with a total of 10 isolates showing the desired size of the gene product 

(~700bp). The isolates that showed positive were Achromobacter xylosoxidans 

(NIOSSD020#330, NIOSSD020#338), Alcanivorax dieselolei (NIOSSD020#382), 

Halomonas desiderata (NIOSSD026556), Halomonas nitritophilus 

(NIOSSD020#185), Marinobacter alkaliphilus (NIOSSD020#86), Marinobacter 

hydrocarbonoclasticus (NIOSSD005#12), Pseudomonas stutzeri (NIOSSD026521), 
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Ruegeria mobilis (NIOSSD020#22) and Idiomarina fontislapidosi (NIOSSD020#12) 

(Table 3.8). The presence of nosZ genes were affiliated to α-, β- and γ-Proteobacteria. 

Among the nine positive isolates, seven were isolated from the BoB-OMZ and two 

from the AS-OMZ (Table 3.8). Over the years, BoB-OMZ was considered as an 

inactive site for denitrification through bacterial reduction (Naqvi et al. 1994; Rao et 

al. 1994; Howell et al. 1997). However, recent data reported microbial population that 

supports N2 production although at lower rates than AS-OMZ (Bristow et al. 2017). 

In the present study, six isolates showed the presence of nosZ gene, these isolates 

were recovered from depths of the low oxygen concentration of the BoB-OMZ. The 

phylogenetic relationships of bacterial isolates with nosZ gene showed close 

similarities with cultured and uncultured bacterial clones from either terrestrial soil or 

marine sediments (Figure 3.7; Table 3.11). A lack of similarity with any known nosZ 

gene from the OMZ or sampled regions could suggest that denitrifiers possessing this 

gene sequence has not been isolated yet or different primer sets have been employed 

to study this gene. Marinobacter hydrocarbonoclasticus (NIOSSD005#12) and 

Pseudomonas stutzeri (NIOSSD026#521) from the BoB and AS-OMZ respectively 

showed the presence of both nirS and nosZ genes (Table 3.8). Both these isolates were 

recovered from depths of low oxygen and high nitrite concentration (Table 3.8) 

showing striking similarity of the environmental parameters (DO, NO3 and NO2) to 

their phylogenetic relationship with nirS gene of uncultured bacterial clones 

(accession no. AJ811527) (Castro-Gonzalez et al. 2005) and AY336914 (Jayakumar 

et al. 2004). Primer designing is one of the most important criteria for evaluating 

microbial environmental studies. As we observed in this study, even though 36 strains 

showed positive nitrate reduction test, only 14 showed the presence of denitrification 

genes. The absence of the select functional denitrifying genes from the bacterial 

isolates could be considered due to primer bias. It could necessarily mean to re-

evaluate the existing primer sets to improve the detection method (Braker et al. 1998; 

Throback et al. 2004).  
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Table 3.8 Sampling details and in situ environmental parameters of bacterial isolates that amplified denitrification genes (nirS and nosZ) 

Closest match in NCBI Isolate IDs 
nirS 

1F/4R 

nirS 

3F/4R 

nosZ 

F/R 
Location Station 

Depth 

(meters) 

DO 

(µM) 

Nitrate 

(µM) 

Nitrite 

(µM) 

Isolation 

media 

Achromobacter xylosoxidans NIOSSD020330 - - + BoB 6 2100 121.0 35.14 0 MBM 

Alcanivorax dieselolei NIOSSD020382 - - + BoB 6 150 1.2 25.85 0 RM 

Halomonas desiderata NIOSSD026556 - - + AS II12 3000 119.9 35.86 0 RM 

Halomonas nitritophilus NIOSSD020185 - - + BoB 6 390 2.2 34.56 0 MBM 

Halomonas sachharevitans NIOSSD026133 - + - AS II12 1000 4.4 36.70 0 SOM1 

Idiomarina fontislapidosi NIOSSD02012 - - + BoB 17 167 7.5 27.41 0.02 SOM1 

Marinobacter alkaliphilus NIOSSD02086 - - + BoB 6 250 0.6 32.10 0 MBM 

Marinobacter hydrocarbonoclasticus NIOSSD026610 - + - AS II2 3000 142.8 34.90 0 SOM2 

Marinobacter hydrocarbonoclasticus NIOSSD026623 - + - AS II2 3000 142.8 34.90 0 ZMA 

Marinobacter hydrocarbonoclasticus NIOSSD00512 + + + BoB 13 80 4.0 20.38 0.11 ZMA 

Pseudomonas songnenensis NIOSSD026224 + - - AS II4 350 5.6 32.21 0 TMSM 

Pseudomonas stutzeri NIOSSD026340 + - - AS II12 1000 4.4 36.70 0 ZMA 

Pseudomonas stutzeri NIOSSD026521 + - + AS II6 200 1.1 19.37 2.75 RM 

Ruegeria mobilis NIOSSD02022 - - + BoB 6 250 0.6 32.10 0 SOM2 
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Figure 3.5 Phylogram based on nitrite reductase (nirS) gene sequence-data using 

primer set nirS 1F/4R. Phylogenetic relation generated from the isolates obtained in 

this study (indicated in bold) aligned with NCBI GenBank reference sequences. The 

phylogenetic tree was inferred from neighbour-joining analysis using MEGA 

software. The computed tree indicated bootstrap values near the branch and was 

rooted using a sequence of nirS from Bacillus weihenstephanensis. 

 

 

 

 

 

 

 

 

Figure 3.6. Phylogram based on nitrite reductase (nirS) gene sequence-data using 

primer set nirS 3F/6R. Phylogenetic relation generated from the isolates obtained in 

this study (indicated in bold) aligned with NCBI GenBank reference sequences. The 

phylogenetic tree was inferred from neighbour-joining analysis using MEGA 

software. The computed tree indicated bootstrap values near the branch and was 

rooted using a sequence of nirS from Bacillus sp. and Flavobacteriaceae bacterium. 
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Figure 3.7. Phylogram based on nitrous oxide reductase (nosZ) gene sequence data. 

Phylogenetic relation generated from the isolates obtained in this study (indicated in 

bold) aligned with NCBI GenBank reference sequences. The phylogenetic tree was 

inferred from neighbour-joining analysis using MEGA software. The computed tree 

indicated bootstrap values near the branch and was rooted using a sequence of nosZ 

from Bacillus subtilus. 

 

Table 3.9 Details of phylogenetic affiliation to nirS gene on amplification with nirS 

1F/4R primer sets from NCBI database 



 

97 

 

Table 3.10. Details of phylogenetic affiliation to nirS gene on amplification with nirS 3F/6R primer sets from NCBI 

database 

Accession no. Phylogenetic affiliation Sequence similarity (%) Isolation source 

KC596618 Uncultured bacterium clone 96.23 Eastern Tropical North Pacific oxygen minimum zones 

FJ596123 Uncultured bacterium clone 97 Arabian Sea oxygen minimum zone 

AJ626835 Marinobacter sp. S64 97.51 Microbial mat- France: Berre Lagoon 

AJ626829 Marinobacter sp. BP42 98.26 Microbial mat- France: Berre Lagoon 

FJ596116 Uncultured bacterium clone 95.93 Arabian Sea oxygen minimum zone  

AJ811527 Uncultured bacterium clone 96.19 Eastern South Pacific oxygen minimum zone  

 

Table 3.11 Details of phylogenetic affiliation to nosZ gene on amplification with nosZ F/R primer sets from NCBI database 

Accession no. Phylogenetic affiliation Sequence similarity (%) Isolation source 

KT877014 Marinobacter hydrocarbonoclasticus 84.53 Saltern soil- China 

FJ227190 Uncultured bacterium 83.7 Coastal marine sediment 

KM816616 Marinobacter maritimus 84.82 Marine sediment-France 

KM816612 Marinobacter vinifirmus 83.74 Marine sediment-France 

JF310569 Uncultured bacterium 79.65 Agricultural soil 

KX695659 Uncultured bacterium 79.19 Soil 

MN256669 Pseudomonas stutzeri 92.35 - 

KJ127132 Uncultured bacterium 92.65 Tea soil- China 

KJ161361 Uncultured bacterium 95.81 Tea soil- China 

AY072227 Achromobacter xylosoxidans 97.48 Forest soil 

AB969827 Achromobacter xylosoxidans 100 Domestic wastewater sediments- India 
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3.3.4 Whole-genome shotgun sequencing  

3.3.4.1. Genome description and properties 

Since the OMZs are characterised with low concentration of dissolved oxygen, 

the breakdown of most of the organic carbon is supported by heterotrophic 

denitrification (Codispoti et al. 2001; Gruber, 2004). The occurrence of an active but 

cryptic sulphur cycle in the ETSP-OMZ has hypothesised microbial population 

involved in these regions have a link between the N and S cycles. It has been 

hypothesised that the sulphide present in these regions is oxidised to sulphate with 

nitrate and nitrite as electron acceptors by the microbial community, thus involving 

processes of nitrate-reduction in tandem with sulphur-oxidation (Canfield et al. 2010; 

Stewart, 2011, Ulloa et al. 2012). However, the research carried out concerning 

microbial processes involved in N and S cycle is limited to the Pacific OMZ and thus 

developing the need to analyse if similar trends exist in the Indian Ocean OMZs. The 

draft genome analysis of three potential isolates that could either be involved in 

denitrification/ nitrate-reduction and or sulphur-oxidation in the north Indian Ocean 

OMZs were studied. The draft genome of three select isolates was analysed viz., 

Limnobacter thiooxidans (NIOSSD026#461), Pseudonocardia alni 

(NIOSSD026#456) and Nitratireductor aquibiodomus (NIOSSD020#206). 

Limnobacter thiooxidans (NIOSSD026#461) and Pseudonocardia alni 

(NIOSSD026#456) were isolated from the AS-OMZ and oxidised thiosulphate while 

Nitratireductor aquibiodomus (NIOSSD020#206) was isolated from the BoB-OMZ 

which was able to reduce nitrate and oxidise thiosulphate. The identification of 16S 

rRNA gene sequencing results of isolates NIOSSD026#461, NIOSSD026#456 and 

NIOSSD020#206 using inhouse and those used by outsourced prime sets are reported 

in table 3.12. The outsourced result showed the sequence of NIOSSD026#461, 99% 

similar to Uncultured bacterium clone SI-BU100 that was recovered from a seasonal 

OMZ of the Saanich Inlet (Sauter et al. 2012). While the sequence of 

NIOSSD020#206 was 99% similar to Nitratireductor aquibiodomus strain PR57-9, 

which was isolated previously from the deep-sea water column above the Southwest 

Indian Ridge (Yuan et al. 2015). The sequences of predicted CDS were searched 

against NCBI-nr blast showed match with a fewer species (Figure 3.8). The majority 

of the hits for NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 were found 
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to be against Limnobacter sp. CACIAM 66H1, Pseudonocardia alni and 

Nitratireductor aquibiodomus, respectively (Figure 3.8). 

According to the sequencing data, the draft genome contained 3,417,830, 

2,666,083, and 3,019,397 number of paired ends reads from gDNA of 

NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206. After quality control, 999 

Mbp of high-quality reads were obtained for NIOSSD026#461, 775 Mbp from 

NIOSSD026#456 and 885 Mbp from NIOSSD020#206 isolates. These reads were 

further analysed for de novo assembly, yielding a total of 156 scaffolds with total 

scaffold N50 of 180,833 bp for NIOSSD026#461, 2,567 scaffolds with total scaffold 

N50 of 47,845 bp for NIOSSD026#456 and 105 scaffolds with total scaffold N50 of 

241,793 bp for NIOSSD020#206. The genomic description of NIOSSD026#461, 

NIOSSD026#456 and NIOSSD020#206 are summarised in table 3.13 The genome 

length of the bacterial isolate NIOSSD026#461 in the present study was greater than 

the isolates closest match i.e., Limnobacter sp. CACIAM 66H1(3,217,571 bp), which 

had shown maximum hits with its protein database (Da Silva et al. 2016) suggesting 

additional genes in its genome. The GO mapping provided ontology of defined terms 

representing gene product properties which were grouped into three main domains: 

Biological process (BP), Molecular function (MF) and cellular component (CC). The 

number of sequences grouped at level three of BP, MF and CC are depicted in figures 

3.9-11. The functional annotation performed by the KAAS server classified the genes 

into 22 functional pathway categories, grouped mainly under five categories: 

Metabolism, cellular processes, genetic information processing, environmental 

information processing and organismal system (Table 3.14). KEGG mapper was used 

to reconstructing pathways that showed a total of 42, 56 and 55 complete pathway 

modules present in NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 

respectively (Figure 3.12 A, B, C). These pathway modules had all the genes present 

in its respective genomes that are required to function entirely in the cell.  
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Table 3.12 Identification results of the 16S rRNA gene fragments of the WGS isolates 

Isolate ID 

Closest match in NCBI 

In-housea results Out-sourcedb results 

NIOSSD026#461 Limnobacter thiooxidans strain CS-K2 (*NR_025421; 99%) Uncultured bacterium clone SI-BU100 (*JN172408; 99%) 

NIOSSD026#456 Pseudonocardia alni strain DSM 44104 (*NR_117429; 94%) Pseudonocardia sp. AB530 (*AY974785; 99%) 

NIOSSD020#206 Nitratireductor aquibiodomus NL21, JCM 21793 (*NR_025262; 

99%) 

Nitratireductor aquibiodomus strain PR57-9 (*EU440986; 

99%) 

  a In-house results were obtained using 27F and 1492R primer sets, b Outsourced results were obtained using proprietary primer sets, * indicates accession number followed 

by sequence similarity in NCBI Blast. 

 

 

 

 

 

 

 

Figure 3.8 BLAST top-hit species distribution of samples A) NIOSSD026#461, B) NIOSSD026#456, C) NIOSSD020#206 
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Figure 3.9 Pie chart depicting level 3 functions of the predicted genes from the draft genome of NIOSSD026#461 
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Figure 3.10 Pie chart depicting level 3 functions of the predicted genes from the draft genome of NIOSSD026#456 
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Figure 3.11 Pie chart depicting level 3 functions of the predicted genes from the draft genome of NIOSSD020#206 
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Table 3.13 General description of the three WGS bacterial isolates 

Description NIOSSD026

#461 

NIOSSD026

#456 

NIOSSD020

#206 

Genome size (bp) 3,405,949 7,187,009 4,837,160 

Number of genes 3,271 6,489 4,352 

Number of CDS with blast hit 3,111 6,098 4,202 

Number of CDS with no blast hit 99 258 60 

Total number of RNA 43 80 53 

 

Table 3.14 Classification of the KEGG pathways  

Pathways NIOSSD

026#461 

NIOSSD

026#456 

NIOSSD

020#206 

Metabolism    

Carbohydrate metabolism 141 302 216 

Energy metabolism 129 171 143 

Lipid metabolism 70 126 79 

Nucleotide metabolism 56 85 82 

Amino acid metabolism 163 291 256 

Metabolism of other amino acids 43 81 72 

Glycan biosynthesis and metabolism 39 38 38 

Metabolism of cofactors and vitamins 124 188 171 

Metabolism of terpenoids and polyketides 37 62 26 

Biosynthesis of other secondary metabolites 34 60 37 

Xenobiotics biodegradation and metabolism 41 96 60 

Genetic Information Processing    

Transcription 4 6 4 

Translation 81 89 81 

Folding, sorting and degradation 39 49 40 

Replication and repair 43 60 46 

Environmental Information Processing    

Membrane transport 89 150 224 

Signal transduction 121 136 108 

Signalling molecules and interaction - - 1 

Cellular Processes    

Transport and catabolism 11 150 13 

Cell growth and death 18 136 41 

Cellular community- prokaryotes 65 90 158 

cell motility 52 12 32 

Organismal system    

Environmental adaptation 17 17 14 
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Figure 3.12. The chart represents the KEGG mapper reconstruction results of the complete pathway modules in in draft genomes of 

NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 
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Figure 3.12 The chart represents the KEGG mapper reconstruction results of the complete pathway modules in in draft genomes of 

NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 
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Figure 3.12 The chart represents the KEGG mapper reconstruction results of the complete pathway modules in draft genomes of 

NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 
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3.3.4.2. Predicted genes involved in nitrogen and sulphur cycling 

Based on genome sequence analysis, genes predicted to be involved in the 

sulphur and nitrogen metabolic pathways were detected in the genomes (Table 3.15-

16). The occurrence of a cryptic sulphur cycle could be envisioned in the north Indian 

Ocean OMZ, with genes responsible for sulphur-oxidation were identified within the 

draft genome of the three isolates. The draft genome of NIOSSD026#461 showed the 

presence of gene cluster (soxYZAXB) encoding sulphur oxidase (Sox). All encoded 

sox gene sequences displayed the highest sequence identity (approximately 99%) with 

those from Limnobacter sp. CACIAM 66H1. The sox enzyme system (SoxAX, Sox 

YZ, SoxB, and SoxCD) catalyses the pathway of thiosulphate oxidation to sulphate 

(SO4
2-) (Friedrich et al. 2001). However, the isolate NIOSSD026#461 lacked the gene 

soxCD as per the genome analysis which has also reported to be absent from some of 

the known sulphur-oxidising microorganisms (Sulphurimonas, Sulphurovum, 

Thiobacillus) (Trivedi et al. 2020). The soxCD complex is responsible for the 

oxidation of sulphur to thiosulphate, and its absence is suggested to either store 

sulphur inside the cell or excrete it (Hensen et al. 2006). Metagenomic studies of a 

ubiquitous and abundant sulphur-oxidising uncultivated OMZ clade, SUP05 too has 

shown the lack of soxCD complex in its genome from the Saanich Inlet, British 

Columbia (Seasonal OMZ) (Walsh et al. 2009). NIOSSD026#461 was characterised 

by in-situ DO concentration of 5.12 μM, suggesting the expression of the sox pathway 

is confined to OMZ waters in the AS (Table 3.17). Prior reports in the ETNP and 

ETSP-OMZ have shown the occurrence of only soxB (the gene that encodes for a part 

of a thiosulphate-oxidising enzyme complex) through metagenomic studies (Schunck 

et al. 2013; Carolan et al. 2015). While Ulloa et al. (2012) in the anoxic marine zone 

off Iquique, Chile detected all sox genes combined and thus predicted the occurrence 

of the sulphur-oxidation pathway in this region. The genes encoding cytochrome o 

ubiquinol oxidase (CyoABCD) were also identified in the genome of 

NIOSSD026#461. The complex CyoABCD belongs to the oxidative phosphorylation 

system, which transfers electrons from ubiquinol to oxygen (Riley et al. 2006). 

Therefore, the presence of both sox and cyo genes could suggest the capability of 

aerobic sulphur-oxidation by NIOSSD026#461 in the AS-OMZ. Besides, genes 

involved in nitrate assimilation (nasA), nitrate/nitrite transport was identified from the 

genome of NIOSSD026#461, suggesting the strain can take up nitrogen from nitrate 
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/nitrite. Genes involved in dissimilatory nitrite-reduction (nirBD) were also identified, 

thus having the potential of reducing nitrite to ammonia. Whereas NIOSSD026#456 

genome showed the presence of a complete assimilatory sulphate reduction genes 

(cysNC, cysD, cysH, sir) (Table 3.15), thus having the ability to reduce sulphate to 

H2S. It has been suggested that pelagic microorganisms within the OMZ water 

column have contributed towards H2S build-up due to sulphate reduction (Dugdale et 

al. 1977; Naqvi et al. 2000; Schunck et al. 2013), while sulphate reduction in the open 

ocean OMZ waters have been recorded off Peru and India (Dugdale et al. 1977; 

Naqvi et al. 2000). Also, NIOSSD026#456 harboured genes that encode for 

thiosulphate/3-mercaptopyruvate sulphurtransferase (TST, MPST, sseA) and 

thiosulphate sulphurtransferase (glpE) which oxidises thiosulphate to sulphite. The 

GlpE pathway that catalyses thiosulphate to sulphite was first described and 

considered to be a novel thiosulphate pathway in E. coli K-12 BW25113 (Kawano et 

al. 2017). GlpE, which is a small 12-kDa cytoplasmic thiosulphate sulphurtransferase 

is demonstrated at a genetic and molecular level to function in thiosulphate 

assimilation processes (Ray et al. 2000; Kawano et al. 2017). The genome also 

contained genes involved in nitrate assimilation (nasA) and dissimilatory nitrite 

reduction (nirBD) (Table 13.16). The isolate NIOSSD026#456 was recovered from 

the AS-OMZ at 1000 m depth with low DO (7.47 μM) (Table 3.17), and thus making 

it possible to mediate processes of sulphur-oxidation and reduction within these OMZ 

regions. 

The isolate NIOSSD020#206 identified as Nitratireductor aquibiodomus was 

isolated from oxygen-deficient depth along with the presence of nitrite at 450 m in the 

BoB-OMZ water column (Table 3.17). The genome demonstrated the presence of 

genes that can carry out nitrate-reduction and sulphur-oxidation. The nitrate-reduction 

genes present in NIOSSD020#206 if expressed can participate in dissimilatory nitrate 

reduction (narGHI, nirBD) reducing nitrate to ammonia and also horboured 

assimilatory nitrate reduction gene (nasA) (Table 3.16). This isolate, however, showed 

a lack of genes involved in nitrite reduction to nitrogen gas and thus cannot complete 

the denitrification pathway. Apart from nitrate-reduction genes, NIOSSD020#206 

also showed the presence of sulphur-oxidation gene sqr that codes for the enzyme 

sulphide: quinone oxidoreductase. Thus, catalyses the oxidation of hydrogen sulphide 

to polysulphide compounds. The presence of sqr gene has been reported prior in 
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sulphide-oxidising α-Proteobacteria (Trivedi et al. 2020). Sulphide: quinone 

oxidoreductase (sqr) oxidises sulphide to sulphur, as in disulphide (HS-SH) or 

thiosulphate (Jackson et al. 2012). The gene sqr is reported from marine and 

freshwater sediments including the OMZ waters of the Chilean coast (Pham et al. 

2008; Canfield et al. 2010) and metagenomic approaches have identified these genes 

in uncultured SUP05 clade from the anoxic fjord water (Walsh et al. 2009). As 

reported in chapter 2, Nitratireductor sp. is abundantly present in the BoB-OMZ 

sampling sites as representated by culture-dependent and independent data, thus 

making it a significant player in this region. The isolate NIOSSD020#206 

(Nitratireductor aquibiodomus) based on biochemical and gene analysis studies 

shows potential of sulphur-oxidation and nitrate reduction, under favourable 

conditions in the BoB-OMZ. The whole-genome studies of these select bacterial 

isolates successfully identified molecular genes matching nitrate-reduction, sulphur-

oxidation and -reduction reactions thus emphasizing their role in denitrification and 

sulphur oxidoreductive pathways in the OMZs of the northern Indian Ocean. 
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Table 3.15 List of genes involved in sulphur metabolism pathways in NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 

Protein-coding genes Enzyme names NIOSSD026#461 NIOSSD026#456 NIOSSD020#206 

cysA sulphate/thiosulphate transport system ATP-binding 

protein 

+ - - 

cysD sulphate adenylyltransferase subunit 2 + + + 

cysE serine O-acetyltransferase + - + 

cysH phosphoadenosine phosphosulphate reductase + + + 

cysI sulphite reductase (NADPH) hemoprotein beta-

component 

+ - + 

cysK cysteine synthase - + + 

cysN sulphate adenylyltransferase subunit 1 + - - 

cysNC bifunctional enzyme CysN/CysC - + + 

cysQ, MET22, BPNT1 3'(2'), 5'-bisphosphate nucleotidase - - + 

cysU sulphate/thiosulphate transport system permease protein + - - 

cysW sulphate/thiosulphate transport system permease protein + - - 

dmdC 3-(methylthio)propanoyl-CoA dehydrogenase + - - 

dmdD (methylthio)acryloyl-CoA hydratase - + - 

dmsB anaerobic dimethyl sulfoxide reductase subunit B + - - 

ETHE1 sulphur dioxygenase + - - 

glpE thiosulphate sulphurtransferase - + - 

metA homoserine O-succinyltransferase/O-acetyltransferase - - + 

metB cystathionine gamma-synthase - + - 

metX homoserine O-acetyltransferase/O-succinyltransferase + + - 
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Table 3.15 Continued. List of genes involved in sulphur metabolism pathways in NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 

Protein-coding genes Enzyme names NIOSSD026#461 NIOSSD026#456 NIOSSD020#206 

metZ O-succinylhomoserine sulfhydrylase + - + 

sbp sulphate/thiosulphate transport system substrate-binding + - - 

sfnG dimethylsulfone monooxygenase - + - 

sir sulphite reductase (ferredoxin) - + - 

soxA L-cysteine S-thiosulfotransferase + - - 

soxB S-sulfosulfanyl-L-cysteine sulfohydrolase + - - 

soxX L-cysteine S-thiosulfotransferase + - - 

soxY sulphur-oxidising protein SoxY + - - 

soxZ thiosulphate oxidation carrier complex protein SoxZ + - - 

sqr sulphide: quinone oxidoreductase - - + 

ssuA sulfonate transport system substrate-binding protein - + + 

ssuB sulfonate transport system ATP-binding protein - + - 

ssuC sulfonate transport system permease protein - + + 

ssuD alkanesulfonate monooxygenase - + - 

ssuE FMN reductase - + - 

tauC taurine transport system permease protein + - - 

tauD taurine dioxygenase - + - 

TST,MPST,sseA thiosulphate/3-mercaptopyruvate sulphurtransferase - + + 
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Table 3.16 List of genes involved in nitrogen metabolism pathways in NIOSSD026#461, NIOSSD026#456 and NIOSSD020#206 

Protein-coding genes Enzyme names  NIOSSD026#461 NIOSSD026#456  NIOSSD020#206 

nasA  assimilatory nitrate reductase catalytic subunit  + + - 

cynT, can  carbonic anhydrase  + + + 

cynS  cyanate lyase  + + - 

GLUD1_2, gdhA  glutamate dehydrogenase (NAD(P)+)  - + - 

gdhA  glutamate dehydrogenase (NADP+)  + - - 

GDH2  glutamate dehydrogenase - + + 

gltB  glutamate synthase (NADPH) large chain  + + + 

gltD  glutamate synthase (NADPH) small chain  + + + 

glnA, GLUL  glutamine synthetase  + + + 

NRT, narK, nrtP, nasA  MFS transporter, NNP family, nitrate/nitrite transporter + + + 

narG, narZ, nxrA  nitrate reductase / nitrite oxidoreductase, alpha subunit  - - + 

narH, narY, nxrB  nitrate reductase / nitrite oxidoreductase, beta subunit - - + 

narI, narV  nitrate reductase gamma subunit  - - + 

nrtD, cynD  nitrate/nitrite transport system ATP-binding protein + - - 

nrtC, nasD  nitrate/nitrite transport system ATP-binding protein  + - - 

nrtB, nasE, cynB  nitrate/nitrite transport system permease protein + - - 

nrtA, nasF, cynA  nitrate/nitrite transport system substrate-binding protein + - - 

nirB  nitrite reductase (NADH) large subunit  + + + 

nirD  nitrite reductase (NADH) small subunit  + + + 

ncd2, npd  nitronate monooxygenase  + - + 
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Table 3.17 Isolation and sampling details of the 3 WGS isolates  

16S rRNA closest NCBI 

match 
Isolate ID Station/Depth Lat / Long 

Temperature 

˚C 

DO 

µM 

Nitrate 

µmol L-1 

Nitrite 

µmol L-1 
Salinity 

Media used 

for isolation 

Limnobacter thiooxidans NIOSSD026#461 II12/160 m 19 N/ 68 E 19.9011 5.12 23.81 0 36.2235 TDM 

Pseudonocardia alni NIOSSD026#456 ASTS/1000 m 17 N/ 68 E 8.4891 7.47 36.95 0 35.3338 TDM 

Nitratireductor aquibiodomus  NIOSSD020#206 18/450 m 17 N/89 E 10.5357 2.10 38.48 0.06 35.1935 RM 
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3.3.4.3. Functional analysis of culture-independent data 

The predictive metagenome tools such as Tax4Fun provided insights into the 

functional capabilities of bacterial communities studied through 16S rRNA gene 

sequencing. The sites that were studied viz. ASTS, II2 (AS-OMZ) and BoBTS (BoB-

OMZ) showed high levels of genetic diversity, with organisms involved in various 

essential processes, such as cellular processes, genetic information processing, 

metabolism, environmental along with a few uncharacterised functional genes. Most 

reported studies in the AS and BoB-OMZ in regards to functional genes have been 

confined to selective marker gene surveys related to nitrogen cycling (nirS, nosZ, 

nifH, amoA, nxrB) (Jayakumar et al. 2009, Bristow et al. 2017, Gomes et al. 2018, 

Wu et al. 2019). Microbes inhabiting such a complex environment can have many 

biological pathways which need to be highlighted. Tax4Fun (in the present study) 

provides an initial step in predicting functional genes that are involved in biological 

processes which could be accomplished by the bacterial communities present at 

ASTS, BoBTS and II2 locations in the north Indian Ocean OMZs. In general, genes 

participating in biotin metabolism, fatty acid biosynthesis, metabolic pathways, 

Quorum sensing and RNA degradation pathways were some of the few highly 

abundant genes among the microbial communities at ASTS and II2 sampling sites. 

While genes related to bacterial chemotoxin and Quorum sensing pathways were 

higher at BoBTS. The energy metabolism grouped into six main pathways, namely 

carbon fixation, methane metabolism, nitrogen metabolism, oxidative 

phosphorylation, photosynthesis and sulphur metabolism (Figure 3.13). The bacterial 

communities were predicted to harbour genes involved in nitrogen and sulphur cycles 

(Figure 3.14-15). The microbial community present at ASTS, II2 and BoBTS showed 

the presence of genes that could participate in complete nitrogen pathways such as 

nitrogen fixation (nitrogen to ammonia), assimilatory and dissimilatory nitrate 

reduction (nitrate to ammonia), denitrification (nitrate to nitrogen) and nitrification 

(ammonia to nitrite). ASTS and II2 showed maximum sequences belonging to the 

enzymes nitrite reductase (NAD(P)H) large subunit [EC:1.7.1.4] and nitrate reductase 

catalytic subunit [EC:1.7.99.4]; in contrast, the BoB site (BoBTS) showed glutamate 

dehydrogenase (NADP+) [EC:1.4.1.4] and glutamate synthase (NADPH/NADH) 

large chain [EC:1.4.1.13 1.4.1.14] to be abundant in this region, as well as genes that 

probably could complete the sulphur pathways such as assimilatory and dissimilatory 
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sulphate reduction (sulphate to H2S) (Figure 3.15). Further, analysed results of 

nitrogen and sulphur metabolism across the sampled depths at each of the three 

stations was significantly different with p = 0.00966 (Figure 3.16). The significant 

variation of nitrogen and sulphur metabolism at ASTS, BoBTS and II2, emphasis on 

differences in bacterial communities that dominate and perform their functional 

processes at these sites. Besides, genes that could carry out carbon fixation pathways 

too were identified such as reductive pentose phosphate cycle (Calvin cycle, ribulose-

5-phosphate to glyceraldehyde-3-phosphate and glyceraldehyde-3-phosphate to 

ribulose-5-phosphate), Crassulacean acid metabolism (light and dark), reductive 

citrate cycle (Arnon-Buchanan cycle), Reductive acetyl-CoA pathway (Wood-

Ljungdahl pathway) and Phosphate acetyltransferase-acetate kinase pathway (acetyl-

CoA to acetate). The predictive functional analysis highlights that microbes in the 

OMZs may participate in a variety of metabolic processes other than the most studied 

nitrogen and sulphur pathways. 
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Figure 3.13 Depth-wise distribution of energy metabolic pathways at II2, ASTS and BoBTS sampling sites 
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Figure 3.14 Heatmap depicting predicted genes involved in nitrogen metabolism 

pathways along the sampled depths of II2, ASTS and BoBTS sampling sites. 
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Figure 3.15 Heatmap depicting predicted genes involved in sulphur metabolism 

pathways along the sampled depths of II2, ASTS and BoBTS sampling sites. 
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Figure 3.16 Statistical analysis performed on KEGG pathways involved in nitrogen and sulphur metabolism 
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CHAPTER 4 

Influence of pH on bacterial community composition and 

diversity 

 

4.1 Introduction 

The atmospheric carbon dioxide (CO2) levels have risen by nearly 30 %, over 

the past 250 years. The level of CO2 before the first industrial revolution was 

approximately 280 ppmv (parts per million by volume), which has increased to nearly 

387 ppmv in the year 2009 (Feely et al. 2009) and 407.4 ppmv at present, which is 

further projected to exceed 900 ppmv by the end of this century (Lindsey, 2020). The 

oceans to an extent have lowered the rising atmospheric CO2 by its uptake of nearly 

one-third of the anthropogenic carbon which would otherwise account to higher CO2 

levels in the atmosphere (Caldeira et al. 2007).  However, the CO2 uptake by the 

ocean is not benign, a steady increase of CO2 inputs is predicted to result in 

significant changes in water column temperature, oxygenation, pH, and productivity 

(Levin and Le Bris, 2015). Ocean CO₂ uptake causes an increase in the concentration 

of hydrogen ion (H⁺) and a decrease in the carbonate ion (CO3⁻
2) concentration thus 

lowering the pH in the oceans, which is commonly referred to as ocean acidification 

(Omar, 2010). The uptake of one-third of the anthropogenic CO2 emission by the 

oceans has already reduced the pH of the surface ocean by 0.1 unit (Sabine et al. 

2004; Feely et al. 2009). Caldeira and Wickett (2003) have suggested through 

modelling studies that if the burning of fossil fuels continued a further reduction in 

sea surface pH of about 0.77 units would occur by the year 2300. The existence and 

expansion of OMZs have further contributed to greenhouse gases such as CO₂ and 

nitrous oxide (N₂O) which are important by-products of the metabolic processes 

occurring in these regions (Naqvi et al. 1998). Low pH in OMZ region reportedly 

affects the biogeochemical cycling and ecosystem structure (Levin and Le Bris, 

2015). Bacteria are key players in these processes, the effects of pH change on the 

structure and activity of bacterial communities could alter the availability of nitrogen 

and carbon for other organisms, and this could, in turn, affect the entire food web 
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(Levin and Le Bris, 2015). However, studies concerning the impact of ocean 

acidification on marine organisms are not well established, especially with respect to 

bacteria as an important player in marine biogeochemical cycles (Dupont et al. 2010; 

Hendriks et al. 2010). Since marine microbes experience large variations in temporal, 

regional and depth-dependent pH variability, it has been debated that microbe-

dependent processes would not change in an acidic ocean (Joint et al. 2011). 

However, a recent meta-analysis on ocean acidification involving microbes has shown 

to influence processes such as nitrogen fixation, primary productivity and community 

composition by changes in seawater pH (Liu et al. 2010; Weinbauer et al. 2011; 

Eggers et al. 2014). Most studies concerning the response of microbial diversity due 

to moderate or increased change in seawater carbonate chemistry showed promising 

results (Thurber et al. 2009; Liu et al. 2010). However, there is a lot of studies 

performed to show that change in pH mostly affects biogeochemical cycling 

processes rather than bacterial diversity (Dore et al. 2009; Capone and Hutchins 

2013). Therefore, experiments concerning the effect of pH change on bacterial 

diversity could contribute in highlighting the susceptible bacterial groups.    

 

4.2 Materials and methodology (Objective three - Studying the influence of pH 

change on bacterial community shift using microcosm experiments) 

 

4.2.1 Sampling details and microcosm set-up 

The water samples were collected from 3 sampling sites in the OMZ of the 

north Indian Ocean (Figure 2.1), Bay of Bengal Time Series station (BoBTS; 

Latitude: 18.002728 °N Longitude: 89.01749 °E, water depth: 2230 m) during the 

cruise SSD020 in the Bay of Bengal (BoB-OMZ), Arabian Sea Time Series station 

(ASTS; Latitude: 16.997341 °N, Longitude: 68.005768 °E, water depth: 3535 m) and 

India’s Idea 2 (II2; Latitude: 9.000113 °N, Longitude: 67.999901 °E, water depth: 

4530 m) during the cruise SSD026 in the Arabian Sea (AS-OMZ). The seawater 

samples were collected using a CTD rosette system fitted with Niskin bottle sampler 

(Seabird Electronics) mounted with an oxygen sensor (Seabird 43 DO sensor). A total 

of six depths were sampled at each of the 3 sites, chosen based on the oxygen profile 

in the water column (surface, upper interface OMZ, core OMZ 1, core OMZ 2, lower 

interface OMZ and near bottom depths) (Table 2.4). A total of 12 microcosm 
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experiments were set up onboard Research Vessel Sindhu Sadhana at all 3 sampling 

locations. Four-liter water was collected (rinsed prior to filling) in a clean 4.5 L 

translucent microcosm bottles from 10 L Niskin bottles. The initial pH was measured 

using pH electrode Accumet AB 15 pH meter (Fisher scientific), calibrated with 

standard Himedia buffer solutions (pH 4, 7 and 10). Out of the 12 bottles, 6 were 

purged with CO2 (commercial grade) as test (T) to alter the pH of seawater by 1 unit 

lower from its existing pH. The remaining 6 bottles, the pH was not changed and 

maintained as control (C). The bottles were mixed intermittently to avoid stratification 

during incubation. The pH was checked every 24 hours for 3 consecutive days to 

monitor an increase /decrease in pH within the closed bottles (Figure 4.1; Table 4.1). 

At the beginning (0 hours) and end (72 hours) of the incubation total viable count 

(TVC) was determined using Bactaslyde TBC/TVC test kits (Rakiro biotech system 

Pvt Ltd). At the end of 72 hours, the experiment was terminated, and water was 

filtered through 0.22µm sterivex filters. DNA storage buffer (40 mM EDTA, 50 

mMTris (pH 8.3), and 0.75 M sucrose) was added in each filter cartridge and stored at 

-80 °C till the samples were processed in the laboratory. 

 

 

 

 

 

 

Figure 4.1. The microcosm set-up onboard RV Sindhu Sadhana cruise no. 20 

 

4.2.2 DNA extraction, library preparation and sequencing 

The filter papers containing the residue, obtained from the 36 samples, were 

shredded and placed into their respective MoBio PowerWater bead tubes for genomic 

DNA extraction using MoBio PowerWater DNA isolation kit (MoBio Laboratories 

Inc., USA). Twelve genomic DNA samples from BoBTS obtained during the SSD020 

cruise were vacuum dried in a vacuum concentrator (Eppendorf, Germany) and 
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outsourced to Genotypic Technology Pvt. Ltd., Bangalore, India for sequencing using 

Nextseq 500 platform. 16S rRNA gene libraries were prepared using 16S rRNA gene 

V3 region primers. Fifty ng of genomic DNA was used to amplify the 16S rRNA gene 

V3 hypervariable region with PCR run of 26 cycles using KAPA HiFi Hot Start Kit 

(Boston, MA USA). A final primer concentration of 2 μM each (forward and reverse) 

were used. The PCR was validated using positive control and non-template control 

samples and this round 1 PCR was analysed on 1.2 % agarose gel. The round 1 PCR 

amplicons were used for round 2 (Indexing PCR) by using 1 µl from 1:10 round 1 

diluted sample. A programme of 8–10 cycles amplified round 1 PCR amplicons 

which included the addition of barcoded adaptors (Nextera v2 Index Kit, Illumina, 

USA). The Illumina Adapter Sequences were: 5’- 

AATGATACGGCGACCACCGAGATCTACAC (i5) TCGTCGGCAGCGTC and 5’- 

CAAGCAGAAGACGGCATACGAGAT(i7) GTCTCGTGGGCTCGG. The 

amplicons of round 2 PCR were checked on 1.2 % agarose gel. Similarly, 24 genomic 

DNA samples from the cruise SSD026 were outsourced for sequencing to Eurofins 

Genomics India Pvt. Ltd., Bangalore, India to obtain sequenced amplicon of V3-V4 

(2*300) paired-end regions of the bacterial 16S rRNA gene using 16S rDNA cyclic-

array sequencing (MiSeq) instrument. A total of 50 ng of genomic DNA was 

amplified with 16S rRNA gene V3–V4 region-specific primers (F- 

GCCTACGGGNGGCWGCAG; R- ACTACHVGGGTATCTAATCC). The PCR was 

validated using positive control and non-template control samples and this round 1 

PCR was analysed on 1.2 % agarose gel. The amplicon libraries were prepared using 

the Nextera XT Index Kit (Illumina inc.) as per the 16S rRNA gene Metagenomic 

Sequencing Library Preparation protocol (Part # 15044223 Rev. B). Amplification of 

the 16S rRNA gene targeting V3–V4 regions specific for bacteria was carried out 

(Round 2). A programme of 8–10 cycles amplified round 1 PCR amplicons which 

included the addition of Illumina Sequencing barcoded adaptors (NexteraXT v2 Index 

Kit, Illumina, USA). Round 2 PCR amplicons were analysed on 1.2 % agarose gel. 

The amplicon library was purified by 1X AMPureXP beads and quantified using 

Qubit fluorometer. The amplified libraries were analysed in 4200 Tape Station system 

(Agilent Technologies) using D1000 Screen tape as per manufactures instructions. 
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Table 4.1. pH values of the control and test samples over a period of 72 hours at ASTS, II2 and BoBTS 

Station Depth 

(meters) 

Control pH values Test pH values 

0 h 24 h 48 h 72 h 0 h (Before CO2 purging)   0 h (After CO2 purging)  24 h 48 h 72 h 

 

 

 

ASTS 

40 8.178 8.166 8.153 8.202 8.178 7.09 6.511 6.568 6.622 

150 7.782 7.764 7.768 7.694 7.782 6.698 6.449 6.535 6.596 

350 7.711 7.723 7.773 7.632 7.711 6.748 6.613 6.659 6.722 

500 7.715 7.634 7.609 7.61 7.715 6.77 6.319 6.375 6.436 

1000 7.68 7.678 7.687 7.601 7.68 6.648 6.568 6.612 6.673 

3000 7.874 7.835 7.709 7.709 7.874 6.846 6.727 6.739 6.779 

 

 

 

II2 

      30 8.256 8.234 8.202 8.215 8.217 7.086 6.5 6.556 6.615 

82 8.174 8.144 8.117 8.196 8.194 7.114 6.952 6.885 6.921 

110 7.875 7.868 7.835 7.834 7.853 6.813 6.772 6.81 6.856 

160 7.734 7.734 7.686 7.705 7.728 6.749 6.738 6.775 6.822 

201 7.723 7.786 7.695 7.701 7.717 6.793 6.865 6.942 7.011 

3000 7.856 7.874 7.812 7.743 7.838 6.834 6.759 6.809 6.869 

 

 

 

BoBTS 

81 7.826 7.843 7.886 7.887 7.8 6.238 5.834 5.986 6.033 

150 7.375 7.333 7.354 7.352 7.352 5.932 5.985 6.068 6.188 

250 7.235 7.286 7.276 7.28 7.261 6.433 6.658 6.76 6.832 

390 7.253 7.243 7.288 7.282 7.273 6.483 6.53 6.602 6.757 

530 7.247 7.255 7.242 7.248 7.26 6.388 6.142 6.203 6.346 

2100 7.423 7.482 7.456 7.455 7.4 6.437 6.344 6.379 6.453 
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4.2.3 Sequence analysis 

The paired-end reads of V3 (2*150), and V3–V4 (2*300) were demultiplexed 

(bcl2fastq1 tool) and quality checked (FastQC) (Andrews, 2010). Only the raw reads 

with sequence primer and high-quality bases were selected and stitched using Fastq- 

join3, for further analysis using Quantitative Insights in Microbial Ecology (QIIME) 

pipeline (Caporaso et al. 2010). The sequences generated from each sample were 

clustered into operational taxonomic units (OTUs) using uclust module at 97 % 

sequence similarity, and each resulting cluster typically represents a species. The 

taxonomy of these clusters was assigned based at 97 % sequence similarity against 

16S rRNA gene database; Silva version 132 (Quast et al. 2013). The biom file 

generated was taken ahead for further advanced analysis and visualization. The 16S 

rRNA gene sequence-data was submitted to the NCBI sequence read archive (SRA) 

under BioProject ID PRJNA509996. 

 

4.2.4 Statistical Analysis 

QIIME program was used to calculate taxonomic richness (Observed_OTUs, 

Chao-1, Simpson and Shannon diversity). R studio V3.5.1 (R Core Team, 2015) was 

used to construct hierarchical clustering based on Euclidian similarity index and 

computed using gplots, heatmap.plus and RColorBrewer packages (Day, 2012; 

Neuwirth, 2014). Beta diversity at order level was calculated between the 3 sites 

(ASTS, II2 and BoBTS) using non-metric multidimensional scaling analysis (NMDS) 

separating the samples into abundance-weighted community composition (order 

level), based on Bray-Curtis distance using Phyloseq package (Mc Murdie and 

Holmes, 2013). Alpha- diversity analysis was compared between the test and control 

experimental conditions statistically by independent t-test in Past 3 software (Hammer 

et al. 2001). 

 

4.2.5 Functional analysis 

The predictive functional assignments of the bacterial communities of the 36 

samples were obtained using the Silva-Tax4Fun (Aßhauer et al. 2015). The SILVA-

labelled OTU tables were used as an input file in Tax4Fun, which is an open-source R 

package in R studio V3.5.1 (R Core Team, 2015). In Tax4Fun the SILVA-labelled 

OTUs is converted into prokaryotic KEGG organisms which is further normalized by 
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16S rRNA copy number obtained from the NCBI genome annotation (Kaiser et al. 

2016). The bacterial communities were assigned their predictive functions by linearly 

combining the normalized taxonomic abundances into the precomputed association 

matrix of KEGG Ortholog reference profiles to Silva defined microorganisms 

constructed by Tax4Fun. Differences in functional gene composition groups among 

the depths at three stations for both control and test samples were tested with Tukey–

Kramer test using statistical analysis of amplicon sequences (STAMP V2.1.3).       

 

4.3 Results and discussion 

Oxygen and pH trace each other in the ocean by processes such as microbial 

respiration that consumes oxygen and produces CO2 as a by-product (Brewer and 

Peltzer, 2009; Dore et al. 2009). The OMZs are recorded with naturally low pH, that 

could further intensify through human-generated CO2 emission in the near future 

(Paulmier, 2005; Gilly et al. 2013). Over the past decade, the impact of ocean 

acidification on microbial diversity and composition has shown to influence a few 

microbial processes such as primary productivity, nitrogen fixation, ecological 

balance and nutrient cycling are among the few to mention (Piontek et al. 2010; Shi et 

al. 2010; Weinbauer et al. 2011; Shetye et al. 2013). While, studies performed with 

respect to changes in pH have contributed towards community restructuring as much 

as other variables such as light, temperature, nutrients and availability of particulate 

matter (Loginova et al. 2016; Cavan et al. 2017; Aldunate et al. 2018).  

The in-situ pH decreased with increase in depth along the vertical water 

column at ASTS, II2 and BoBTS, showing lowest pH values with in the OMZ depths 

(Table 2.5). The reduction of pH was observed at and below the thermocline. A study 

performed at station ALOHA (A Long-term Oligotrophic Habitat Assessment) in the 

central Pacific Ocean north of Hawaii reported a similar trend, where the reduction in 

pH was attributed to increased decomposition by aerobic respiration which resulted in 

CO2 release in the system (Joint et al. 2011). BoBTS showed lower in-situ pH at the 

surface depth (pH 7.85 at 81 m) in comparison to ASTS (pH 8.08 at 40 m) and II2 

(pH 8.08 at 30 m and pH 8.07 at 82 m). The BoB is reported to have an average pH 

value of 7.75, and this low pH is mainly attributed due to the mixing of fresh water 

from the inland rivers into the open ocean (Rashid et al. 2013). At the end of the 

microcosm experiment, the bacterial groups susceptible to pH change in a closed 
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system at various depths of the OMZ water were identified. The alpha- diversity 

indices showed no consistent trend along the depths sampled of the control and test 

(Table 4.2). On performing a t-test, there was no significant difference observed 

between the control and test samples alpha-diversity indices (number of observed 

species, Shannon, Chao-1 and Simpsons) (Table 4.3). Previous studies too on 

microbial diversity showed inconsistent effect towards ocean acidification (Allgaier et 

al. 2008; Thurber et al. 2009). The initial TVC of the samples were between 102-103, 

while at the end of 72 hours of incubation, bacterial TVC ranged between 103-107 

which did not exhibit a distinct trend along the depths for an exception of near-bottom 

samples (Table 4.4) which showed a consistent increase along all samples. 

Responses of bacterial groups to change in pH were mainly context-dependent 

i.e., differed in particular depth and sampling sites. The community composition from 

36 samples was similar at phyla level, in total 49 phyla were identified with most 

sequences being identified as phyla Bacteroidetes, Marinimicrobia (SAR406 clade) 

and Proteobacteria (Figure 4.2 A, B, C). However, there was no consistent trend 

observed at each depth in response to pH change. The changes in phyla varied at 

specific depths. A similar trend was observed when sequences from the phyla 

Proteobacteria and Bacteroidetes were analysed at class level, with most of the 

sequences identified as α-Proteobacteria, γ-Proteobacteria and Bacteroidia (Figure 

4.3). 

The 35 most abundant OTUs at order-level were analysed using hierarchical 

Euclidian similarity index, which clustered control and test samples of each station 

Figures 4.4. The heatmap scale displays the row Z score values. The positive Z scores 

indicate values above the mean, while negative Z scores values are below the mean in 

units of standard deviation. The scaled data is then converted into colours. In Figure 

4.4A, ASTS shows the high relative abundance of orders Alteromonadales, 

Flavobacteriales and Oceanospirillales in all samples. The control samples of depths 

150 m, 500 m and 1000 m clustered together while separating it from the test samples 

of the same depths, thus showing a difference in community composition between the 

control and test samples Using 16S ribosomal amplicon pyrosequencing in a 

microcosm approach, Krause et al. (2012) revealed pH-dependent community shifts 

in an acidified scenario. in the North Sea. They identified Alteromonadales and 

Oceanospirillalesas bacterial groups responding to change in pH.



 

129 

 

Table 4.2. Alpha-diversity indices of the control and test samples bacterial community at the end of 72 hours  

 

 

 

Sampling 

station 

Depth 

(meters) 

pH Observed species Shannon diversity Simpson Chao1 

Control Test Control Test Control Test Control Test Control Test 

 

 

ASTS 

 

    40 8.202 6.622 1385 1368 5.70 4.96 0.93 0.87 1989.1 2019.7 

150 7.694 6.596 1053 861 3.57 5.23 0.78 0.89 1579.8 1410.5 

350 7.632 6.722 1034 1270 4.40 5.21 0.84 0.91 1625.7 1823.2 

500 7.61 6.436 1157 1031 4.24 4.51 0.85 0.88 1847.0 1585.3 

1000 7.601 6.673 1025 1163 3.55 4.50 0.78 0.87 1652.7 1652.7 

3000 7.709 6.779 823 886 4.37 4.42 0.89 0.88 1315.0 1315 

 

 

II2 

30 8.215 6.615 1268 1189 5.76 5.62 0.94 0.92 1831.2 1670.3 

82 8.196 6.921 1400 1478 5.75 6.02 0.94 0.93 1816.5 2053.7 

110 7.834 6.856 1378 1464 5.49 5.48 0.93 0.90 1823.2 2035.9 

160 7.705 6.822 976 888 4.04 4.12 0.82 0.84 1553.9 1350 

201 7.701 7.011 962 1001 4.10 5.11 0.81 0.91 1399.9 1426 

3000 7.743 6.869 889 783 4.15 3.92 0.87 0.81 1359.1 1297.9 

 

 

BoBTS 

    81 7.887 6.033 2699 1745 5.76 5.78 0.94 0.93 3822.3 2438.8 

150 7.352 6.188 3193 3393 5.85 

 

5.34 0.95 0.93 4468.1 4646.9 

250 7.280 6.832 1403 1537 5.24 4.86 0.92 0.89 2009.7 2196.2 

390 7.282 6.757 1724 1435 5.08 5.09 0.90 0.94 2477.7 2085.5 

530 7.248 6.346 1516 1076 2.60 2.56 0.59 0.62 2112.4 1751.0 

2100 7.455 6.453 2616 1801 4.22 4.23 0.84 0.86 3741.7 2760.4 
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Table 4.3. Differences of alpha-diversity between control and test conditions. Means 

were compared using t-test 

 

Comparison P-value 

Control vs. Test Observed_otus Chao-1 Shannon Simpson 

ASTS 0.883 0.980 0.188 0.157 

II2 0.940 0.960 0.748 1.000 

BoBTS 0.438 0.460 0.832 0.947 

 

Table 4.4. Total viable count of the control and test samples at the start and end of the 

microcosm experiment 

 

Station Depth 

(meters) 

Control Test 

0 h 72 h 0 h 72 h 

 

 

 

ASTS 

40 102 102 102 103 

150 102 103 102 104 

350 103 103 103 103 

500 102 103 102 102 

1000 102 102 102 103 

3000 103 103 103 105 

 

 

 

II2 

      30 102 102 102 103 

82 102 102 102 102 

110 102 102 102 102 

160 102 102 102 103 

201 102 102 102 102 

3000 102 103 102 107 

 

 

 

BoBTS 

81 <102 103 <102 104 

150 <102 102 <102 102 

250 102 102 102 106 

390 103 103 103 103 

530 <102 102 <102 105 

2100 <102 102 <102 106 
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Figure 4.2. Bar graph depicting the depth-wise distribution of bacterial phyla between control and test samples at A) ASTS, B) II2 and 

C) BoBTS. Inferred through amplicon sequencing of 16S rRNA gene. 

40 m 150 m 350 m 500 m 1000 m 3000 m 
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Figure 4.2. Continued. Bar graph depicting the depth-wise distribution of bacterial phyla between control and test samples at A) ASTS, 

B) II2 and C) BoBTS. Inferred through amplicon sequencing of 16S rRNA gene. 
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Figure 4.2. Continued. Bar graph depicting the depth-wise distribution of bacterial phyla between control and test samples at A) ASTS, 

B) II2 and C) BoBTS. Inferred through amplicon sequencing of 16S rRNA gene 
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Figure 4.3. Bar graph depicting the relative abundance of the most abundant classes in the control and test samples at ASTS, BoBTS and 

II2 

ASTS BoBTS II2 
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While a decrease in pH has shown an increase in the relative abundance of 

Flavobacteriales in biofilms of the Great Barrier Reef (Witt et al. 2011). However, in 

the present study, test samples of 40 m (surface) and 3000 m (near bottom) depths 

showed an increase in the order Flavobacteriales. Further, 40 m, 350 m, and 3000 m 

showed the least difference between control and test conditions. Nitrosococcales 

increased in the test samples at low pH, with the most abundant genus identified as 

Methylophaga and a few classified to species level, including Methylophaga 

thiooxidans. However, Oceanospirillales decreased along all test samples with 

Alcanivorax sp. being the most abundant at low pH. In Figure 4.4B, II2 samples show 

a high relative abundance of Alteromonadales, Oceanospirillales, Flavobacteriales and 

SAR11 clade along all depths and conditions. Except for the surface depths (30 m and 

82 m) there was a considerable change in bacterial abundance observed between the 

control and test conditions at 110 m, 160 m, 201 m and 3000 m. Nitrosococcales and 

Sphingomonadales increased in all test samples. The highest relative abundance of the 

order Nitrosococcales was observed at 30 m and 82 m test samples whose pH were 

6.6 and 6.9, respectively. The most abundant genus of this order was Methylophaga 

which is similar to the results obtained at ASTS. While members belonging to 

Sphingomonadales were Altererythrobacter and Erythrobacter that dominated this 

order, with Erythrobacter having a pH range of 5.0-10 thus could have increased at 

low pH (Zhuang et al. 2015). At BoBTS, high relative abundance of 

Alteromonadales, Nitrosococcales, Oceanospirillales SAR11 clade and 

Rhodospirillales across all conditions was observed (Figure 4.4C). Cluster analysis 

between the conditions at 81 m, 150 m, 250 m, and 390 m depth showed considerable 

shifts in community composition of the orders Rhodospirillales, Rhodobacterales, 

Synechococcales and Vibrionales. Synechococcales that increased in the test sample. 

An increase in the order Rhodospirillales was observed in the test samples compared 

to the control. This order was predominated by the genus Thalassospira in the test 

samples. Thalassospira is reported to survive at a low pH range, having an optimum 

pH at 5.5. (Wiese et al. 2009). Campylobacterales belonging to the phyla ε-

Proteobacteria was predominant at 530 m in the test sample (6.3 pH). This order was 

represented by members of the genera Arcobacter, Campylobacter, Nitratifractor, 

Sulphuricurvum and Sulphurovum. The genera Arcobacter and Sulphurovum were the 

most abundant. Arcobacter spp. are reported to tolerate pH range of 5.5-8.0 with a 
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growth optimum of pH 6.0-7.5, this genus was also reported to be present at low pH 

in the North Sea (D’Sa and Harrison 2005; Krause et al. 2012). Similarly, the genus 

Sulphurovum is reported to thrive at pH of 5.0–9.0 with an optimum pH range of 6.5-

7.0 (Jeon et al. 2017), and studies have reported this genus to oxidise sulphur 

(Akerman et al. 2013). SAR11-clade and Rickettsiales, however, decreased in the test 

samples. SAR11 clade consisted mostly of Pelagibacteraceae bacterium ETNP-OMZ-

SAG-E5 and uncultured bacteria, this clade represents uncultivated members hence 

their optimum pH for proliferation is still unknown. 

The results of this study demonstrated that bacterial community composition 

changed under low pH conditions. However, not all bacterial groups were susceptible 

to low pH. Further, NMDS separated the samples into abundance-weighted 

community composition (order level), based on Bray-Curtis dissimilarity (2D 

stress=0.2) (Figure 4.5). The samples grouped based on stations where the BoBTS 

samples were separated from ASTS and II2. A slight gradient was observed with the 

community composition between the two conditions at each depth. There wasn’t 

much difference in gradients between the control and test samples along the depths 

with the exception of 160 m and 201 m at II2. While the similar community 

composition clustering was observed depth-wise separation, the surface mid-depths 

and near-bottom samples at each location. 
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Figure 4.4. Heatmap clustering of 35 top most abundant orders in the control and test 

samples along the six depths of A) ASTS, B) II2 and C) BoBTS at different pH 

values. 
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Figure 4.4. Continued. Heatmap clustering of 35 top most abundant orders in the 

control and test samples along the six depths of A) ASTS, B) II2 and C) BoBTS at 

different pH values. 
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Figure 4.4. Continued. Heatmap clustering of 35 top most abundant orders in the 

control and test samples along the six depths of A) ASTS, B) II2 and C) BoBTS at 

different pH values. 
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Figure 4.5. NMDS plot of the community composition at order level between ASTS, 

BoBTS and II2 stations. The depths in meters of each sample are mentioned below 

the respective symbol 

 

Predictive analysis showed functional diversity, with bacterial community 

involved in various essential processes, such as metabolism, environmental, genetic 

information processing, cellular processes, along with a few uncharacterised genes. In 

general, iron complex outer membrane receptor protein (K02014), 

hydrophobic/amphiphilic exporter-1 (mainly G- bacteria), HAE1 family (K03296), 

peptide/nickel transport system substrate-binding protein (K02035), ribonuclease E 

(K08300), ATP-binding cassette, subfamily B, bacterial (K06147), 3-oxoacyl-

[acylcarrier protein] reductase (K00059), and methyl-accepting chemotaxis protein 

(K03406) were some of the few highly abundant genes at all three sites analysed by 

Tax4Fun (Figure 4.6 A, B, C). The bacterial communities were predicted to harbour 

genes involved in nitrogen and sulphur processes (Figure 4.7 A, B, C). The most 
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abundant genes involved identified in the nitrogen metabolism were nitronate 

monooxygenase, nitrite reductase (NAD(P)H) large subunit, nitric oxide dioxygenase, 

nitrate reductase 1, alpha subunit and nitrate reductase catalytic subunit. While the 

sulphur metabolism predicted the presence of thiosulfate/3-mercaptopyruvate 

sulphurtransferase, cysteine desulphurase and cysteine synthase A to be abundant.  

Further, t-test results of nitrogen and sulphur metabolism across the sampled 

depths and between control and test conditions at ASTS were significantly different 

with p = 0.042, however, was not significant at II2 (p = 0.634) and BoBTS (p = 

0.280). Even though a significant change in pH was implemented through this study 

there seemed to be no consistent trend along all depths between control and test 

samples for majority of bacterial groups. However, with the exception of few groups 

such as Campylobacterales, Nitrosococcales, Rhodospirillales and Sphingomonadales 

which predominated at low pH, which can suggest that these groups may profit from 

pH reduction in these regions. A similar tendency can be inffered for the genera 

Altererythrobacter, Erythrobacter, Methylophaga and Thalassospira. In contrast, 

certain groups could have difficulties in coping with the reduction in pH such as 

Oceanospirillales, SAR11-clade and Rickettsiales. The predominance of certain 

groups in the test samples at low pH could have influenced the rare bacterial groups in 

the control samples and vice versa. Even though there did exist a change in the 

bacterial composition with certain groups, it did not show a significant difference at 

BoBTS and II2 with respect to functional genes involved in sulphur and nitrogen 

metabolism which are key biogeochemical cycles in the OMZ.  
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Figure 4.6. KEGG functional categories predicted from control and test samples at A) ASTS, B) II2 and C) BoBTS using Tax4Fun tool  

A Control Test 
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Figure 4.6. KEGG functional categories predicted from control and test samples at A) ASTS, B) II2 and C) BoBTS using Tax4Fun tool 
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Figure 4.6. KEGG functional categories predicted from control and test samples at A) ASTS, B) II2 and C) BoBTS using Tax4Fun tool
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Figure 4.7. Nitrogen and sulphur metabolism pathways at A) ASTS, B) II2 and C) BoBTS 
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Figure 4.7. Continued. Nitrogen and sulphur metabolism pathways at A) ASTS, B) II2 and C) BoBTS 
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Figure 4.7. Continued. Nitrogen and sulphur metabolism pathways at A) ASTS, B) II2 and C) BoBTS 
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CHAPTER 5 

Significance of this study 

5.1 Summary  

Oxygen minimum zones (OMZs) are of global biogeochemical significance, 

mainly due to the loss of fixed N2 by bacterial denitrification. The Arabian Sea (AS) 

and Bay of Bengal (BoB) experiences low oxygen levels at mid-depths of the water 

column and are permanent features in certain parts of the northern Indian Ocean 

(Naqvi, 2006). OMZs comprise of a complex microbial community that have adapted 

to oxic-suboxic gradients. Bacteria and archaea present in an OMZ region contribute 

to loss of fixed nitrogen through denitrification and anaerobic ammonium oxidation 

(anammox) processes. Recent evidences, based on genetic studies, have suggested a 

role for pelagic sulphur cycling in OMZs (Stewart et al. 2012). This study focussed on 

the two northern Indian basins (the Arabian Sea and Bay of Bengal) concerning their 

bacterial diversity and functional roles (mainly involved in nitrate-reduction and 

sulphur-oxidation). Further, it was investigated if any chemical change in the 

environment would affect the bacterial community in these unique habitats.  

The pelagic water column of the AS and BoB open-ocean OMZs were 

sampled, covering 7 and 11 sampling sites, respectively. The culture-dependent 

bacterial isolation was executed using membrane-filtration technique and plated onto 

a combination of general culture media and culture media that was targeted to isolate 

nitrate-reducers and sulphur-oxidisers. The bacterial diversity at ASTS, II2 (AS-

OMZ) and BoBTS (BoB-OMZ) was analysed using a culture-independent method by 

amplicon sequencing of hypervariable (V3 and V3-V4) regions of 16S rRNA gene 

using Illumina platform. The culturable fraction was investigated to assess their 

potential in nitrate-reduction and sulphur-oxidation by performing biochemical 

analysis and marker gene studies. Further, the culture-independent approach was used 

to elucidate the shift in bacterial communities in response to low pH. Based on the 

approaches mentioned above, the following observations were recorded: 

 Bacterial diversity analysis based on culture-dependent and culture-independent 

methods revealed γ- and α-Proteobacteria as the dominant classes in the OMZ of the 

northern Indian Ocean. 
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 A total of 378 and 268 bacteria were isolated and identified at the AS and BoB-OMZ, 

respectively, and isolates belonging to the genera Halomonas, Idiomarina, 

Marinobacter, Nitratireductor, Pseudoalteromonas, and Pseudomonas predominated 

the basins. Maximum number of isolates was recovered from the OMZ depths of the 

AS (70) and BoB (39) in comparison to photic and bathypelagic depths. 

 Isolates belonging to Alteromonas, Halomonas and Pseudoalteromonas were 

abundant in the cultivable fraction recovered from the AS-OMZ sub-surface depths, 

while those belonging to Halomonas, Nitratireductor, Marinobacter, Pseudomonas 

and Rheinheimera were recovered from the BoB-OMZ.   

 Three sites, namely ASTS, II2 and BoBTS in the northern Indian Ocean served as the 

study regions to characterise the bacterial diversity using high throughput sequencing. 

Targeted hypervariable sequencing of a total of 18 samples (six depths from each site) 

revealed the presence of 52 phyla from the northern Indian Ocean OMZs. Among the 

identified phyla, a total of 16 phyla belonged to the uncultivable/ candidate group.  

 The surface and core-OMZ depths showed lower OTU richness, Chao1 and Shannon 

indices in comparison to OMZ interphase and near-bottom depths. In contrast, the 

archaeal diversity indices were higher within the core-OMZ sampled depths. 

 The phyla that predominated were Bacteroidetes, Chloroflexi, Cyanobacteria, 

Marinimicrobia and Proteobacteria. 

 Beta-diversity studies showed bacterial community similarity among the sub-surface 

depths between the three sites (ASTS, II2 and BoBTS), separating it from the surface 

and near-bottom bacterial community-composition. 

 The Canonical Correspondence Analysis (CCA) suggested DO, pH and temperature 

to influence the bacterial community-composition and cause their depth-wise 

separation.  

 The bacterial groups identified from ASTS, II2 and BoBTS sub-surface depths could 

possibly participate in various nitrogen cycle processes such as denitrification, nitrate-

reduction, nitrite-oxidation, ammonium-oxidation and chemolithoautotrophic 

denitrification. 

 The cultivable fraction of bacteria, dominated by γ- and α-Proteobacteria and a few 

identified as β-Proteobacteria, Actinobacteria, Bacilli and Flavobacteria, exhibited the 

ability of nitrate-reduction. The genera Marinobacteria predominated in the northern 



 

150 

 

Indian Ocean OMZs that was able to biochemically reduce NO3- to NO/N2O/N2 in 

vitro.  

 Bacterial isolates belonging to Citreicella, Gordonia, Limnobacter, Methylophaga, 

Microbacterium, Mycobacterium, Nitratireductor, Pseudonocardia and Stappia 

oxidised thiosulphate in vitro. A total of 22 isolates from AS and 18 from BoB 

showed positive for thiosulphate-oxidation 

 Nitratireductor aquibiodomus (NIOSSD026#405, NIOSSD026#482, 

NIOSSD026#503, NIOSSD026#505, NIOSSD026#512, NIOSSD020#256, 

NIOSSD020#363, NIOSSD020#368, NIOSSD020#371, NIOSSD020#381, 

NIOSSD020#206, NIOSSD020#230), Nitratireductor kimnyeongensis  

(NIOSSD020#113, NIOSSD020#332, NIOSSD020#348, NIOSSD020#193, 

NIOSSD020#23, NIOSSD020#43, NIOSSD020#216, NIOSSD020#257, 

NIOSSD020#375, NIOSSD020#385, NIOSSD020#379, NIOSSD026#398, 

NIOSSD026#432) and Stappia indica (NIOSSD026#527) showed the ability to 

reduce nitrate as well as oxidise thiosulphate in vitro. 

 Phylogenetic analysis of the gene nirS contributed mainly from bacteria belonging to 

the class γ-proteobacteria while the majority of the nosZ gene was distributed among 

α-, β- and γ-Proteobacteria. 

 The nirS gene was amplified from the bacterial cultures belonging to Halomonas 

saccharevitans (NIOSSD026#133), Marinobacter hydrocarbonoclasticus 

(NIOSSD005#12, NIOSSD026#610, NIOSSD026#623), Pseudomonas stutzeri 

(NIOSSD026#340, NIOSSD026#521) and Pseudomonas songnenensis 

(NIOSSD026#224). 

 The nosZ gene was amplified in cultures representing Achromobacter xylosoxidans 

(NIOSSD020#330, NIOSSD020#338), Alcanivorax dieselolei (NIOSSD020#382), 

Halomonas desiderata (NIOSSD026556), Halomonas nitritophilus 

(NIOSSD020#185), Marinobacter alkaliphilus (NIOSSD020#86), Marinobacter 

hydrocarbonoclasticus (NIOSSD005#12), Pseudomonas stutzeri (NIOSSD026521), 

Ruegeria mobilis (NIOSSD020#22) and Idiomarina fontislapidosi (NIOSSD020#12).  

 Limnobacter thiooxidans (NIOSSD026#461) and Pseudonocardia alni 

(NIOSSD026#456) had the potential to oxidise thiosulphate, while Nitratireductor 

aquibiodomus (NIOSSD020#206) demonstrated nitrate-reducing and thiosulphate-

oxidising ability. The whole- genomic analysis of Limnobacter thiooxidans 
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(NIOSSD026#461) revealed the presence of the gene cluster soxYZAXB that is 

involved in sulfur oxidation pathway. The genes TST, MPST, sseA and glpE were 

identified within the Pseudonocardia alni (NIOSSD026#456) genome, the function of 

these genes is related to the oxidation of thiosulfate to sulphite. While, Nitratireductor 

aquibiodomus (NIOSSD020#206) displayed the presence of genes that participate in 

dissimilatory nitrate reduction (narGHI, nirBD) reducing nitrate to ammonia and 

assimilatory nitrate reduction gene (nasA). Also, genes involved in sulphur-oxidation 

(sqr) catalysing the oxidation of hydrogen sulphide to poly-sulphide compounds were 

detected in the genome. 

 The predicted functional genes of the bacterial communities identified through 

culture-independent approach showed the presence of genes involved nitrogen and 

sulphur cycles. Further, analysed results of nitrogen and sulphur metabolism across 

the sampled depths at ASTS, II2 and BoBTS stations were significantly different. 

 A microcosm experiment conducted to evaluate the influence of pH change on the 

bacterial community composition of the ASTS, II2, and BoBTS showed the 

predominance of Campylobacterales, Nitrosococcales, Rhodospirillales and 

Sphingomonadales. In contrast, certain groups such as Oceanospirillales, SAR11-

clade and Rickettsiales could not cope at lower pH and decreased in abundance. 

 Besides, the predicted functional genes involved in sulphur and nitrogen metabolism 

of the bacterial community between the control and test samples showed no 

significant change in the samples of BoBTS and II2 except that of ASTS. 

 

5.2 Conclusion 

The present study discussed the utility and power of the combined 

conventional culture-dependent with culture-independent methods in characterisation 

of bacterial diversity from oxygen-deficient sites of the AS and the BoB-OMZ. 

Culture-dependent studies alone are insufficient in identifying most of the bacterial 

community inhabiting the environment due to their cultural biases. At the same time, 

a few metagenomic techniques (e.g., gene cloning and DGGE) that use amplicon 

sequencing in community studies, detect only the most abundant bacterial population 

(Murray et al. 1998). Employing modern sequencing techniques such as high 

throughput sequencing has shown improved results of revealing abundant and 

rare/less bacterial community from the environment (Grewal, 2014).  
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The use of high throughput sequencing approach in the present study 

identified higher bacterial OTU richness at ASTS, II2 and BoBTS, which was not 

reported earlier in the OMZ of the northern Indian Ocean. The utilisation of various 

culture media led to the isolation of phylogenetically diverse bacteria, including those 

showing potential in nitrate-reduction and sulphur-oxidation processes. The isolation 

of the bacterial cultures from the northern Indian Ocean OMZs, served as 

representatives to study their physiological and genomic characteristics (focused on 

nitrate-reducers and sulphur-oxidisers).  

Complementing culture-dependent and culture-independent methods 

broadened the scope of analysing diverse bacteria along the vertical water column of 

the oxygen-deficient sites. Further, this study has provided compelling evidences for 

the presence of distinct bacterial communities at sub-surface depths of the water 

column thriving in these oxygen-deficient waters. Even though similar bacterial 

community exists among the sampled regions in the Indian Ocean OMZ, the presence 

or abundance of a particular taxa varied along depths and location, based on their 

environmental parameters. A change in pH could influence bacterial community shifts 

affecting a few pH-susceptible bacterial groups. However, such short duration 

experiments and lack of replicates are insufficient to conclude. Nevertheless, this 

experiment is a point of reference for future experiments in the field. 

 

5.3 Scope for future studies 

The OMZs are regarded as a ‘natural laboratory’ in studying the adaptation of 

life to climate change, making them a resource of unsuspected marine life and 

supporting one of the most active and abundant ecosystems of the ocean (Paulmier, 

2017). OMZs contribute significantly in controlling carbon, nitrogen and sulphur 

cycling in the world oceans; thus, it is necessary to be vigilant and further study the 

key players, such as bacteria involved in these processes. The present study 

contributed to our understanding of bacterial diversity in the northern Indian Ocean 

OMZs and also identified a few key players that could contribute to the participation 

of nitrogen and sulphur cycles. As well as those bacterial taxa that could be affected 

by the change in the pH of the environment. However, targeted and shotgun 

sequencing of DNA could only provide initial clues of gene content and genetic 

diversity of bacterial communities within the OMZs. In order to differentiate between 
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expressed and unexpressed genes and elucidate bacterial community functions, tools 

such as metatranscriptomics, proteomics, and metabolomics should be employed 

(Zhou et al. 2015). These advances in omics technologies could further address the 

ecological queries and hypothesis that were laid hitherto and study functional traits 

along the oxygen gradient in the northern Indian Ocean OMZs. Further, the cultivated 

bacterial resources could be subjected to studies on physiological and metabolic 

processes under simulated deoxygenation conditions in a bioreactor to evaluate their 

potentials, thereby gaining insights into their role in these complex environments. 
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Abstract 

Nitrogen fluxes from marine systems to the atmosphere are between 
25×109 and 179×109 kilograms per year and from terrestrial systems, 
between 90×109 and 243×109 kilograms per year via microbial 
denitrification. Approximately 44, 22, and 14% of the total global 
denitrification occur in continental shelves, terrestrial soils, and oxygen 
minimum zones, respectively, while the remaining denitrification is 
accounted for in freshwater systems like groundwater, lakes, and rivers. 
Denitrification is widespread among different genera belonging to 
Bacteria, Archaea, and Eukarya. Many bacteria and archaea harbour all 
denitrification genes and can potentially perform the complete pathway, 
while others lack the nitrous oxide reductase gene and produce only 
nitrous oxide as the denitrification end product. Fungi generally lack 
nitrous oxide reductase, suggesting that these organisms are responsible 
for a large portion of nitrous oxide emission. Denitrifying organisms can 
have different combinations of the denitrification genes. The largest 
number of genes (33) is reported in Gamma-Proteobacteria. Genetic 
markers involved in denitrification, such as narG and napA (encoding 
nitrate reductase), nirK and nirS (encoding nitrite reductase), norB 
(encoding nitric oxide reductase) and nosZ (encoding nitrous oxide 






